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Abstract 
The Judith Mountains are a low-elevation “island” mountain range in east-central Montana 
composed of a series of laccoliths and stocks cut by coarse-grained alkali granite and tinguaite 
dikes. The geology of the Judith Mountains in the vicinity of Red Mountain and Judith Peak, two 
of the tallest mountains in the range, is conducive to the creation of headwater streams that are 
naturally acidic.  Extensive limonite staining on Red Mountain attests to the widespread presence 
of disseminated pyrite in hydrothermally altered porphyry rock.  However, no major historical 
mining operations are known to the area.   The acidic streams undergo neutralization in pH as they 
travel downstream due to the influx of alkaline groundwater and tributary streams.  The change in 
character of the water is related to a change in geology from mineralized porphyry intrusions at 
the summit of the range to Paleozoic and Cretaceous sediments, including the Madison Limestone, 
in the foothills.   
This study is the conclusion of a multiple-year project in the Judiths, quantifying the 
relationship between stream chemistry and local geology in three streams sourced from the Red 
Mountain porphyry. Chicago Gulch (aka Fords Creek) is the primary focus of this project.  
Although Collar Gulch and Armells Creek have been previously analyzed, some data are included 
in this thesis to compare to Chicago Gulch. The local Bureau of Land Management (BLM) office 
plans to use this thesis to guide decisions regarding future land use issues in the Judith Mountains. 
Results from ICP-AES, ICP-MS and IC analysis of synoptic water samples quantify trends 
in metal concentrations and loads, pH, and distance downstream. White Al-hydroxide flocs are 
actively forming where the stream pH transitions from < 5 to >5. This white precipitate is rich in 
trace metals, including Cu, Pb and Zn. Precipitates in headwater reaches with pH < 4 have higher 
iron content (approximately 25% Fe), with abundant pre-modern ferricrete deposits next to the 
stream. Alluvial ferricrete forms where pH transitions from < 3.5 to > 3.5, whereas broad ferricrete 
terraces form where Fe2+-rich groundwater emerges as springs and is oxidized to ferric hydroxide. 
All water samples collected in the upper reaches of Chicago Gulch exceed Montana water quality 
standards for protection of aquatic life for lead, cadmium, zinc, and copper, and human health 
standards for thallium. Lead concentrations are especially high in the headwaters of Chicago and 
Collar Gulches, indicating the possible presence of a weathered lead-sulfide deposit in the 
subsurface. Concentrations and loads of all metals decrease in all the streams once pH exceeds 5.5, 
and the lower reaches support a small population of trout. Prediction of pre-modern pH using the 
methods of Nimick et al. (2009) indicates that current pH regime is broadly similar to conditions 
when ancient ferricretes were deposited.  
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Glossary of Terms 
 
Term Definition 
Adsorption The adhesion of atoms, ions, or molecules from a gas, liquid, or dissolved 
solid to a surface. The process creates a film of the adsorbate on the surface 
of the adsorbent. 
Chemical 
attenuation 
The collective assemblage of reactions that causes concentrations to 
decrease in surface or groundwater. 
Ferricrete A clastic, sedimentary deposit cemented by an iron oxyhydroxide matrix 
HAO Hydrous aluminum oxide; an aluminum-rich precipitate, often amorphous 
HFO Hydrous ferric oxide; a poorly crystalline class of minerals resulting from 
the weathering of iron minerals. This is a blanket term for the matrix of 
ferricretes and iron-rich ISPs. 
HMO Hydrous manganese oxide; a manganese-rich precipitate 
ISP In this paper, in-stream precipitates (ISPs) refer to actively formed, 
uncemented HFO deposits. 
FA Stream samples that were filtered and preserved with HNO3 
FA-HCl Stream samples that were filtered and preserved with HCl 
FU Filtered stream samples that were un-acidified 
RA Stream samples that were not filtered (“raw”) and preserved with HNO3 
SC Specific conductivity of water 
Eh Electron acquisition potential of water compared to standard hydrogen 
electrode 
ORP Electron acquisition potential of water compared to Ag:AgCl electrode 
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1. Introduction 
The impacts of mining on water quality are relatively well-known in modern science, 
with recent disastrous examples such as the Mount Polley mine tailings dam failure in British 
Columbia, Canada in August 2014 (http://www.env.gov.bc.ca/epd/mount-polley/), and the 
leakage of millions of gallons of acid mine drainage into the Animas River near Silverton, CO in 
August 2015 (https://www.epa.gov/goldkingmine). Many of today’s operating mines were 
opened in the mid-19th century or earlier, when the effects of acid mine drainage were not 
recognized and baseline water quality was not a concern. An extreme example is the Rio Tinto 
River in the Iberian Pyrite Belt of Spain, which has pH as low as 0.9 (Fernández-Remolar et al., 
2003) and has been mined since 1500 BC. In areas such as this, the environmental damage seems 
irreversible; yet before reclamation can begin, baseline water and soil quality must be determined 
in order to reclaim the area to reasonable pre-mining conditions. This is especially important in 
areas where pre-mining conditions were already subject to natural acid rock drainage and high 
levels of metals in local soils. 
Hydrothermally altered rocks associated with mineral deposits often contain 
concentrations of iron-sulfide minerals, commonly in the form of pyrite (FeS2). The following 
reactions (Nordstrom, 1982) demonstrate the release of iron and sulfide by the oxidation of 
pyrite through exposure to the atmosphere and/or oxidized water, creating acidic conditions and 
development of hydrous ferric oxides (HFOs): 
FeS2 + 3.5O2 + H2O  Fe2+ + 2H+ + 2SO42- (1) 
Fe2+ + 0.25O2 + H
+  Fe3+ + 0.5H2O (2) 
Fe2+ + 2.5H2O + 0.25O2  Fe(OH)3 (s) + 2H+ (3) 
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Reaction (1) describes the initial dissolution of pyrite through abiotic/biotic oxidation 
mechanisms, with acid, dissolved ferrous iron (Fe2+), and sulfate ions as products. Reactions (2) 
and (3) outline the oxidation of ferrous iron to ferric iron, with subsequent precipitation of HFO 
and release of additional protons.  Because of the mobility of ferrous iron in groundwater, 
reaction (2) may take place at a location that is far from the initial pyrite oxidation reaction, and 
the rate will increase with increasing pH (Bigham et al., 1990; Davison and Seed, 1982; and 
Kleinmann et al., 1981; Langmuir, 1997; Wirt et al., 2007).  
Reaction (3) tends to occur in areas where iron-rich groundwater reaches the ground 
surface, often along gaining streams, and is quickly oxidized to immobile Fe3+, resulting in the 
deposition of HFOs or ferricretes (Wirt et al., 2007). The term “ferricrete” refers to an HFO that 
has accumulated enough precipitate material to cement gravel and boulders together; ferricretes 
can be anthropogenic (e.g., near sites with active mine discharge) or naturally occurring (Wirt et 
al., 2007). Formation of natural ferricrete deposits requires a large, long-term source of iron, and 
the mixture of reduced acid-sulfate groundwater with oxygen (Wirt et al., 2007). Ferricretes may 
exist as clastic deposits (sedimentary conglomerates cemented by an iron oxyhydroxide matrix), 
and are mostly composed of goethite and amorphous iron hydroxide. Bog ferricretes consist of 
stratified iron oxyhydroxide deposits that are relatively clast-free, occur where the water table 
intersects the land surface, and are typically composed of schwertmannite and amorphous iron 
hydroxide (ferrihydrite) (Verplanck et al., 2007). Both types of deposits are seen in the study 
area (Chicago Gulch). In addition, many areas with naturally acidic, iron-rich water have a 
buildup of ancient ferricrete deposits (Bird, 2003; Drever, 1982; Neubert, 2000; Nordstrom and 
Alpers, 1999; Posey et al., 2000; Verplanck, 2009), which can be used to infer pre-modern 
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stream conditions (Nimick et al., 2009). This type of analysis may prove to be useful for 
reclamation purposes in mine-impacted areas with acidic background conditions. 
1.1. Geologic Background 
The Judith Mountains are located in Central Montana about 20 miles northeast of 
Lewistown (Figure 1). The mountains are part of the Central Montana Alkalic Province, a group 
of “island” mountain ranges that includes the Little Rockies, Moccasin Mountains, Big Snowy 
Mountains, Crazy Mountains, Little Belt Mountains, Square Butte, and swarms of smaller 
igneous intrusions that formed as a result of magmatic activity near the end of the Sevier and 
Laramide Orogenies (Woodward et al., 1997). The area of interest is the three watersheds 
(Armells, Chicago, and Collar Gulches) that drain from Red Mountain, a prominent peak in the 
central Judith Mountains. All three streams are acidic in their headwaters and neutralize 
downstream following a change in bedrock geology, from the hydrothermally altered and pyrite-
rich igneous rock on the summit and flanks of Red Mountain, to weakly altered or unaltered 
Paleozoic and Mesozoic sediments further downstream (Williams et al., 2015). There is some 
debate regarding the age of the limestone outcrops seen at the mouth of Armells and Collar 
Gulches (also likely present at depth in Chicago Gulch); Goddard (1988) designates the 
limestone as the Madison Limestone of the Mississippian, while Porter and Wilde (1993) 
describe the limestone as Jurassic and/or Cretaceous in age. The acidic nature of the headwaters 
has resulted in the formation of ferric and aluminous in-stream precipitates and ferricrete 
deposits within the stream beds and floodplains. Previous studies have performed detailed work 
in Armells and Collar Gulches (Petteys, 2013; Williams et al., 2015); this paper focuses on 
Chicago Gulch, but includes data and comparisons to the previous work in the other drainages.  
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Figure 1: Location map of the Judith Mountains 
 
Central and eastern Montana is dominated by ancient marine sediments that were 
deposited by recurring transgression and regression of shallow seas for roughly 300 million years 
prior to the formation of the Rocky Mountains (Woodward et al., 1997). The first marine deposit 
on record in the vicinity of the Judiths is the Flathead sandstone, which rests unconformably on 
Precambrian rocks. Deposition continued until the Cretaceous, including the Madison Limestone 
during the Mississippian (350 Ma). The construction of the modern Rocky Mountains began with 
the Sevier Orogeny (140 Ma-50 Ma), but the Laramide Orogeny (80 Ma-40 Ma) is responsible 
for the formation of the Judiths (Dudas, 1991; Baker, 1992; Zhang and Spry, 1994). The 
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Laramide Orogeny was characterized by “flat slab” (low-angle) subduction of the Farallon plate, 
which caused thick-skinned deformation that influenced basement rocks throughout the Rocky 
Mountain region.  
The Central Montana Alkalic Province is characterized by highly alkalic rocks, with an 
increase in potassium from southwest to northeast. This may be attributed to the increasing depth 
of the subducted (Farallon) plate under Montana (Baker, 1992). The province was formed by two 
periods of igneous activity. During the late Cretaceous, intrusive porphyry complexes were 
emplaced in the Moccasin, Judith, and Little Rocky Mountains. This was followed by Eocene 
volcanism and emplacement of plutons in the Bearspaw, Highwood, and Little Belts. The 
intrusive activity was accompanied by breccia formation and mineralization of porphyry 
complexes and country rock (Lindsey and Fisher, 1985; Zhang and Spry, 1994).
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Figure 2: Geologic map of the Red Mountain vicinity (Goddard, 1988). The yellow dashed line represents the mineralized area. 
Tgb = Brecciated alkali granite porphyry 
Tgf = Fine-grained alkali granite porphyry 
Tg = Coarse-grained alkali granite porphyry 
Tkb = Intrusive breccia 
Tkt = Tinguaite porphory 
Tkr = Rhyolite porphyry 
Tkqm = Quartz monzonite and syenite porphyry 
Kcu = Colorado Shale (Upper) 
Kcl = Colorado Shale (Lower) 
Kc =Colorado Shale (Undivided) 
Kk = Kootenai Formation 
Jm = Morrison Formation 
Je = Ellis Group 
Mm = Madison Group 
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Structurally, the Judith Mountains are composed of a series of laccoliths and stocks—
bodies of magma that are emplaced between strata with development of a chamber that lifts all of 
the superior beds. Judith Peak and Red Mountain (Figure 2; Goddard, 1988), two of the tallest 
peaks in the Judiths, are complex intrusive centers intruded by coarse-grained alkali granite and 
tinguaite dikes (Woodward, 1999). Red Mountain is composed of quartz monzonite, syenite, and 
rhyolite porphyries (65-67 Ma) which were intruded by breccia pipes; the intrusive alkalic dikes 
(particularly the granite) seen on the peak are likely from the same sources as Judith Peak 
(Woodward et al., 1997). The core porphyries of Red Mountain contain a significant amount of 
disseminated pyrite, which probably formed concurrently with gold-silver telluride 
mineralization in the Judith and surrounding areas, including the Kendall, Zortman and 
Landusky deposits (Zhang and Spry, 1994). Two types of mineralization are thought to exist in 
the Judiths: 1) in contacts between igneous intrusive rocks and sedimentary rocks, and 2) in 
limestones and breccias as replacement bodies. The fact that both types of deposits exist in areas 
such as the Spotted Horse deposit indicates that the two are closely related (Zhang and Spry, 
1994). 
The Judiths had a brief history of mining, despite the known mineralization of the area. 
The town of Maiden on the west side of the Judiths was established as a mining town in the late 
1800s in response to construction of the Spotted Horse and Maginnis Mines (Weed and Pirsson, 
1898); however, none of the mines lasted long due to access issues, and the towns of Maiden, 
Fort Maginnis, and Giltedge are virtually non-existent today. The single historical mine existing 
in the vicinity of the focus area is the Tail Holt Mine near Collar Gulch. A mill existed in lower 
Collar Gulch to process ore from Tail Holt, but the mill was short-lived and was dismantled and 
moved shortly after construction. A small flow of water coming from the collapsed Tail Holt adit 
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was sampled by Petteys (2013) and is not thought to be a significant source of acidic drainage to 
Collar Gulch. The summit ridgeline of the Red Mountain and Judith Peak areas has been 
disturbed in previous years due to road construction and maintenance, which could affect the rate 
of pyrite oxidation and consequential HFO formation; however most environmental impacts in 
the three drainages sourced from Red Mountain are thought to be natural. Due to the 
mineralization of the Judiths, there has been intermittent exploration in the area for the last 50+ 
years, including an exploratory drill hole on the saddle between Red Mountain and Judith Peak 
that showed extensive hydrothermal alteration, pyrite, and fluorite, but did not provide anything 
of significant economic value (Hall, 1970). No recent mine permits have been approved by the 
Bureau of Land Management in the area. 
1.2. Previous Work 
Previous investigations by Montana Tech graduate students George Williams (Williams 
et al., 2015) and Kathyrn Petteys (Petteys, 2013) studied baseline water quality in Armells and 
Collar Gulches, respectively, including analysis of ferricretes and in-stream precipitates in both 
creeks. The combined work was recently summarized in a journal article (Williams et al., 2015).  
This study determined that water quality in both streams has remained essentially the same since 
pre-modern times. However, an in-depth study of metal loading trends and ferricrete 
geochemistry in Chicago Gulch has not been determined prior to this paper. 
1.3. Thesis Objectives 
The purpose of this study is to determine baseline water quality in Chicago Gulch, 
focusing on metal concentrations and load trends in the creek, and metal content within related 
ferricrete deposits and in-stream precipitates. Geochemical modeling will help determine the 
chemistry and mineralogy of the ferricretes, including adsorption capabilities of hydrous ferric 
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oxides (HFOs). Data from this project will be submitted to the Bureau of Land Management to 
assist with future land use decisions in the area. Additionally, methods proposed by Nimick et al. 
(2009) to determine pre-modern stream conditions from Fe and Cu concentrations in precipitates 
will be tested and analyzed for Chicago Gulch, as has been done previously for Armells and 
Collar Gulches (Williams et al., 2015). By plotting the Fe/Cu ratio in modern in-stream 
precipitates versus present-day pH, the pre-modern pH can be estimated by measuring the Fe/Cu 
ratio of in ancient ferricretes (Nimick et al., 2009). In a relatively undisturbed setting such as the 
Judiths, the present-day pH would be expected to be similar to the pre-modern pH. If proven to 
be effective, this method could be applied to mine-impacted areas where baseline water quality is 
unknown. 
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2. Methods 
2.1. Field Methods 
Synoptic samples of water, in-stream precipitates (ISPs), and ferricretes were collected 
from August 18th through 20th, 2014 (during low flow) and May 22nd-24th, 2015 (during 
moderate flow) at 20 locations throughout Chicago Gulch (Figure 3; see Appendix A, Table 7.1 
for site descriptions).  
Parameters including pH, Eh (mV), temperature (°C), dissolved oxygen (percent and 
mg/L) and specific conductivity (S/cm) were measured using a Hydrolab Minisonde 5 (MS5). 
The MS5 was calibrated on the morning of each field day against pH 4 and 7 buffers, Zobell’s 
solution (for Eh), and KCl standards (for SC).  All Eh values in this thesis are reported vs. the 
standard hydrogen electrode (SHE). Alkalinity titrations were performed in the field for any site 
with pH above 4.5 using a digital titrator, a cartridge with 0.16N sulfuric acid, a 100 mL 
volumetric flask, a 200 mL erlynmeyer flask, and bromcresol green-methyl red pH indicator 
dyes. Four types of water samples were collected: “FA” samples were filtered and acidified with 
nitric acid; “RA” samples were unfiltered and acidified with nitric acid; “FA-HCl” samples were 
filtered and acidified with hydrochloric acid; and “FU” samples were filtered and unacidified.  
All filtrations were done immediately in the field using a 60 mL plastic syringe and 0.20 μm PES 
disposable filters.  The syringes were rinsed 3 times before use, and all sample bottles were 
rinsed 3 times with sample water before they were filled.  All of the above samples were 
collected in 60-mL Nalgene bottles (high density polyethylene).  For the FA and RA samples, 
the bottles were soaked with 5% nitric acid overnight, and then rinsed several times with de-
ionized water prior to use. 
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Figure 3: Locations of Sample Sites 
12 
At each location where water samples were collected, streamflow measurements were 
taken using one of two methods.  For locations with high flow (above about 1 ft3/s), streamflow 
was measured using a Marsh McBirney flow meter. A tape was laid across the stream and depth 
and water velocity measurements were taken at 15 or more intervals across the creek. The salt 
tracer injection method, used for locations with low flow (below about 1 ft3/s), is a useful tool for 
measuring flows in very rocky, turbulent, and low-flow streams where a Marsh McBirney is 
impractical. A concentrated NaCl solution is created in the lab and calibrated incremental 
dilutions are made, measuring the SC of each diluted solution, and plotting the log(SC) versus 
the log(NaCl concentration). A polynomial equation can then be derived from the resulting 
trendline; this equation is used to convert the measured SC in the stream to a concentration of 
NaCl (mg/L). The background concentration is then subtracted from the measured concentration, 
and the Integral of Concentration is calculated: 
(𝐶2 − 𝐶0) + (𝐶1 − 𝐶0)
2
× (𝑡2 − 𝑡1)  (4) 
The mass of NaCl added to the creek is then divided by the final integral value to give a flow in 
L/s (Winters, 2015; Moore, 2004). Previous investigations in Collar and Armells Gulches 
(Williams, 2015; Petteys, 2013) used a continuous LiBr tracer injection method to measure flow. 
This method was impractical for Chicago Gulch, due to difficult access, lack of suitable sites for 
injection station locations, and long distances from the headwaters to the mouth of the stream. 
Ferricrete and ISP samples were collected concurrently with water samples. ISPs were 
collected by scraping visible, unconsolidated precipitates from rocks along the streambed. 
Ferricrete samples were collected using a rock hammer; stratigraphic location was noted, where 
applicable. Ferricrete distribution was mapped from September 24th-27th, 2015 in all three 
drainages. The furthest lateral extent of exposed ferricretes was noted using a DeLorme 
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EarthMate GPS and mapped on a 1:24,000 topographic map. Total thickness could not be 
determined in most areas because of the lack of exposure below the creek bed. 
2.2. Analytical Methods 
The FA and RA samples were acidified with trace metal grade nitric acid and were 
submitted for trace metal analysis via Inductively Coupled Plasma-Mass Spectroscopy (ICP-MS) 
at the Montana Bureau of Mines and Geology (MBMG) using EPA method 200.8, and by 
Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES) at the Environmental 
Biogeochemistry Lab at the University of Montana-Missoula using EPA method 200.7. The FU 
samples were analyzed for anion concentrations using Ion Chromatography (IC) at the 
University of Montana using EPA method 300.0.  
In-stream precipitate (ISP) samples were processed by filtering the sediment through a 
pre-weighed glass filter and rinsing with de-ionized water. After filtration, the samples were 
dried overnight in a drying oven at 50°C, and then placed in 50-mL glass bottles. The dried ISP 
samples were analyzed using a portable handheld Niton X-Ray Fluorescence (XRF) analyzer, 
but many elements, including copper, came in below the detection limit. Because the detection 
limit of the ICP-MS is much lower than the pXRF, the samples were instead processed by 
dissolution in acid. Ten mL of concentrated Aqua Regia was added to 50-mg samples of the ISPs 
and left to slowly evaporate in 50-mL beakers over low heat. Once all of the Aqua Regia 
evaporated, 10 mL of trace metal-grade nitric acid (approximately 70% HNO3) was added to the 
samples to dissolve the precipitates that remained in the bottom of the beakers. After several 
days, the now-dissolved samples were added to 60-mL sample bottles and diluted five times with 
deionized water. For the ferricrete samples, the matrix was extracted to ensure the samples were 
not contaminated with other rocks trapped in the sample. The matrix was then ground to a fine 
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powder with a mortar and pestle, and processed using the same acid dissolution procedure as the 
ISPs. All samples were diluted an additional five times by the Montana Bureau of Mines and 
Geology Lab before analyzing with the ICP-MS. 
Iron speciations were performed using the filtered samples preserved with hydrochloric 
acid, to eliminate the chance of oxidation by preservation with nitric acid. The ferrozine method 
(Stookey, 1970) was used to determine concentrations of total iron and iron (II). Twenty-five mL 
of sample was placed in a glass cuvette; many samples, especially ones from the upper reaches 
of Chicago, had to be diluted up to 25 times. To determine total iron, 0.25 mL of hydroxylamine-
HCl, 0.50 mL of ferrozine, and 1.25 mL of NH4-acetate buffer was added to the sample. The 
hydroxylamine converts all dissolved iron in the sample to iron (II). After waiting for the 
reagents to mix, the sample was placed in a HACH spectrophotometer, and the concentration in 
absorption units was recorded at 562 nm. A blank sample (deionized water with all three 
reagents) was run in between each water sample. To determine iron (II), the same process for 
total iron was followed, but with the elimination of the hydroxylamine-HCl. A standard sample 
with a known concentration of iron was run at the beginning and the end of the analysis. After 
converting absorption units to concentrations (1 absorption unit = 0.916 mg/L Fe), iron (III) was 
then determined by subtracting the amount of iron (II) from the total iron. 
2.3. Leach Experiment Methods 
Leach experiments were performed using three separate samples of weathered rock 
containing relict pyrite collected from the Red Mountain quartz monzonite and syenite porphyry 
above Chicago Gulch. The samples were crushed into one-inch pieces, placed in a 2-L “humidity 
cell” with enough de-ionized water to submerge the sample (approximately 750 g of each sample 
was used; Leaches 1 and 2 required about 620 g of water each, while Leach 3 required 460 g of 
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water due to the smaller grain size of the rock samples), and were left to sit for one week. The 
water was then drained from the crushed rock, pH and SC were measured, and the resulting 
samples were filtered with a 0.2 μm PES syringe filter. The water samples were then processed 
using ICP-MS and IC analysis. 
2.4. Geochemical Modeling 
Selected results (Table 1) from ICP-MS, ICP-AES, IC, and Fe speciation analysis of the 
August 2014 samples were used to model mineral saturation indices (S.I.) using Visual Minteq 
(Gustafsson, 2010). Mineral S.I. values were adjusted to one metal atom per unit formula. This 
was done to more equally compare the saturation state of a set of minerals that share a common 
metal (i.e., Fe or Al). Results for ferrihydrite, schwertmannite, jarosite, goethite, gibbsite, and 
basaluminite are presented in section 4.7. Adsorption modeling was performed with data from 
the same sampling trip (Table 1) using Dzombak and Morel’s methods, also with Visual Minteq. 
The Surface Complexation Model (SCM) was created using Dzombak and Morel’s HFO 
adsorption model, using a 600 m2/g specific surface area, a 0.003 g/L solid concentration, and 
site densities of 2.25581 sites/nm2 and 0.05639 sites/nm2 for sites 1 and 2, respectively. The solid 
concentration is based on the average concentration of suspended iron particles derived from raw 
and filtered water samples. 
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3. Results 
Results from synoptic sampling in Chicago Gulch show distinct upstream-to-downstream 
trends in solute concentration (Table 1). The water closest to the headwaters is the richest in 
metals and lowest in pH and alkalinity, both of which increase downstream, most noticeably 
below the confluence with the Northeast Tributary (Figure 3). Samples were also collected in 
lower Armells at locations where tributary inflows cause mixing between water sourced from 
Red Mountain and tributaries sourced from calcareous bedrock. These results will be discussed 
separately after presentation of the data from Chicago Gulch.   
Chicago Gulch drains southeast from the base of Red Mountain (Figure 3). Sample sites 
were selected synoptically, with particular emphasis on confluences with various tributaries and 
groundwater inflows (see detailed site descriptions, Appendix A, 7.1). The headwaters of 
Chicago are located in a large, low-gradient bog that is a result of groundwater inflows from the 
north, south, and west. 525 meters below the headwaters is the “Iron Mound” spring (CH15; 
Figure 4a), a prominent groundwater seep that flows along Chicago Gulch for about 10 meters 
before seeping back into the ground. This location is an excellent small-scale example of some of 
the processes occurring in Chicago Gulch, as the water chemistry changes significantly 
downgradient from the source due to oxidation processes. About 860 meters downstream is the 
confluence with the “Acid Tributary” (CH-TRIB5), entering from the North, which is smaller 
and more acidic than the main stream. The “Bubbler Spring” (CH-TRIB4), located 160 meters 
downstream of the Acid Tributary, is a small groundwater seep on the bank of the main stream 
that has built up a cone-shaped ferricrete mound about 1 m in height (Figure 4b). Further 
downstream (1125 meters) is an old beaver pond (Figure 4c) which was destroyed by “100-year 
floods” in 2012. One of the most geochemically significant tributaries is the “Northeast (NE) 
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Tributary” (CH-TRIB3; Figure 4d), which is located 1580 meters downstream of the headwaters. 
This tributary is near neutral in pH (as high as 7.45) and creates a mixing zone just downstream 
of the confluence with the main creek, causing the pH to increase to about 5.5 in Chicago Gulch 
and allowing precipitation of aluminum ISPs.  
 350 meters downstream of the confluence with the NE Tributary is the “West Tributary” 
(CH-TRIB2), a tributary that is not sourced from the vicinity of Red Mountain, is neutral in pH 
and carries no significant concentrations of metals of concern. This tributary further contributes 
to the neutralizing of the waters in Chicago Gulch. Near the mouth of Chicago Gulch, another 
small flow of spring water enters from the north (CH-TRIB1). Downstream of the confluence 
with the West Tributary, the water is neutral in pH, no ferricretes or ISPs are observed, and 
concentrations of trace metals are at or close to the detection limit.  
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Table I: Selected data for Chicago Gulch, August 2014 
Sample No. 
pH Temp Alkalinity Ca K Mg Na Si F- Cl- 
 °C mg/L as CaCO3 mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH1 7.58 12.68 55 34.3 2.11 4.70 4.49 9.84 0.792 0.300 
CH2 7.80 13.48 53 33.8 2.67 4.92 4.80 11.6 1.01 0.300 
CH3 7.41 15.18 34 27.6 3.19 4.21 4.48 13.5 1.24 0.300 
CH4 6.63 16.80 15 23.5 4.25 3.84 4.46 17.4 1.58 0.300 
CH5 5.96 16.72 4 19.5 4.48 3.51 4.18 19.4 1.89 0.300 
CH6 5.16 15.06 4 17.7 4.93 3.25 4.08 21.1 2.21 0.300 
CH7 3.69 15.32 None 13.1 5.81 2.19 3.57 24.4 2.65 0.300 
CH8 3.62 15.36 None 12.4 5.84 2.07 3.51 24.6 2.68 0.300 
CH9 3.61 15.11 None 11.7 5.85 1.94 3.48 25.0 2.68 0.300 
CH10 3.47 14.03 None 10.2 6.25 1.71 3.55 25.7 2.80 0.300 
CH11 3.29 14.29 None 9.68 5.87 1.61 3.44 26.1 2.80 0.301 
CH12 3.28 14.15 None 9.61 4.75 1.52 3.10 24.0 3.18 0.300 
CH13 3.35 14.91 None 8.04 5.05 1.32 3.05 24.6 3.43 0.311 
CH14 3.25 12.88 None 7.32 5.23 1.24 3.02 25.0 3.47 0.305 
CH15 4.44 8.74 None 8.18 6.60 1.54 3.56 27.2 5.35 0.332 
CH16 3.69 13.38 None 5.83 3.95 0.905 2.40 23.5 2.06 0.300 
CH17 3.94 13.11 None 1.88 3.18 0.677 1.69 22.7 0.908 0.300 
CH-TRIB1 7.65 5.75 107 33.4 0.289 3.94 3.66 4.96 0.107 0.300 
CH-TRIB2 7.70 12.16 94 32.9 0.691 3.90 3.35 5.96 0.263 0.300 
CH-TRIB3 7.45 15.10 79 39.4 1.21 7.98 5.92 6.53 0.241 0.300 
CH-TRIB4 3.96 7.32 None 10.7 8.16 1.84 3.98 26.0 3.10 0.306 
CH-TRIB5 3.03 14.95 None 8.07 7.75 1.51 3.85 30.5 2.22 0.339 
CH-TRIB6 3.34 11.05 None 8.30 6.53 1.54 3.55 26.1 4.31 0.410 
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Table I: Selected data from Chicago Gulch, August 2014, Continued 
Sample No. 
SO4-2 Cd Cu Fe+2 Fe+3 Mn Pb Sr Tl Zn 
mg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 55.7 < 0.2 < 1.0 0 2.75 < 2.0 < 0.2 574 < 0.2 4.36 
CH2 67.2 < 0.2 < 1.0 0 2.75 9.35 < 0.2 555 0.308 11.8 
CH3 67.0 0.287 < 1.0 0 2.75 193 1.60 578 0.772 55.5 
CH4 75.6 0.683 1.17 17.4 22.9 576 18.7 471 1.39 157 
CH5 79.4 1.01 3.67 58.6 24.7 849 85.3 460 1.96 219 
CH6 82.2 1.13 5.36 91.6 55.0 1050 120 401 2.36 252 
CH7 86.6 1.44 7.49 202 385 1340 184 274 3.15 316 
CH8 88.0 1.35 7.08 238 760 1340 187 241 3.02 298 
CH9 88.9 1.32 7.17 440 1140 1380 188 238 3.06 306 
CH10 94.7 1.29 6.99 284 1030 1380 211 218 3.12 318 
CH11 87.7 1.51 8.20 769 1970 1340 256 230 3.13 324 
CH12 72.5 2.02 5.57 476 907 1300 439 290 2.50 316 
CH13 78.5 1.96 3.32 1460 2790 1150 328 258 2.14 326 
CH14 73.5 2.17 2.36 2690 1550 1090 314 196 2.48 364 
CH15 99.4 4.81 < 1.0 3060 321 1490 242 193 4.17 628 
CH16 49.3 0.890 4.44 2130 953 626 423 141 0.908 139 
CH17 31.0 2.88 14.1 1170 577 168 1450 56.8 1.42 135 
CH-TRIB1 10.1 < 0.2 < 1.0 < 5.0 < 5.0 < 2.0 0.221 604 < 0.2 < 1.0 
CH-TRIB2 17.4 < 0.2 < 1.0 < 5.0 < 5.0 < 2.0 < 0.2 556 < 0.2 1.0 
CH-TRIB3 68.7 < 0.2 < 1.0 < 5.0 < 5.0 < 2.0 < 0.2 718 < 0.2 < 1.0 
CH-TRIB4 129 < 0.2 < 1.0 33300 1740 1680 0.469 120 3.14 365 
CH-TRIB5 113 1.29 15.8 448 1400 1250 19.6 134 4.72 345 
CH-TRIB6 87.7 2.58 < 1.0 2990 1850 1370 135 226 3.60 502 
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Figure 4: Photographs of selected sites in Chicago Gulch 
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3.1. Field Parameters 
In both August 2014 and May 2015, the pH increased with distance downstream, except for 
near the confluence with the Acid Tributary, where pH was the lowest measured in Chicago 
Gulch. (Figure 5) The pH was somewhat higher in May during higher flow than in August 
during low flow (Figure 6a). The most noticeable increase in pH occurred below the confluence 
with the NE Tributary, which makes sense since the NE Tributary is neutral in pH and has 
significant acid-neutralizing capacity in the form of dissolved HCO3
-. The maximum pH (7.8) 
was measured in August 2014 about 450 meters upstream of the mouth of Chicago Gulch; pH at 
the mouth was 7.58 in May 2015. The lowest pH during both sampling periods was a pH of 2.99 
in the Acid Tributary in May 2015, but no significant impact was observed in the main stem 
since the Acid Tributary is substantially smaller than the main stem (2.67 L/s versus 16.51 L/s in 
May 2015, respectively). 
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Figure 5: Synoptic pH values in Chicago Gulch 
23 
 
Figure 6: Field Parameters measured in Chicago Gulch, August 2014 and May 2015 
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Alkalinity generally followed a trend similar to that of pH; waters with a pH less than 4.5 
have zero alkalinity, and alkalinity increased as pH increased further downstream due to the 
influx of groundwater and surface water with dissolved HCO3
- (Figure 6b). Some of the increase 
in alkalinity in the lower reaches could have been caused by influx of deeper groundwater that 
passed through carbonate sediments in the subsurface, beneath the Cretaceous hornfels and shale. 
The maximum alkalinity measured in the main stream was 55 mg/L as CaCO3 at the mouth of 
Chicago Gulch in August 2014; however, alkalinity was even more elevated in the NE and West 
tributaries, measuring 79 and 94 mg/L as CaCO3, respectively, in August 2014. 
The stream was generally saturated or close-to-saturation with dissolved oxygen, except near 
obvious groundwater inflow areas. Where measured at their discharge site, the larger springs had 
zero DO. No distinct upstream-downstream trends in DO are evident. The boggy area at the 
headwaters of the northwest fork of Chicago Gulch tended to fluctuate with high and low DO 
(Figure 6c), which was probably a function of localized groundwater inflow and the amount of 
time that the water had been exposed to the atmosphere. Generally, the Eh was quite high (Figure 
6f), consistent with the well-oxygenated nature of Chicago Gulch.  
The specific conductivity (SC) was overall higher in August (during low flow) than in May 
(higher flow). SC was generally highest in the smaller tributaries and groundwater seeps, ranging 
from 454 μS/cm in the Acid Tributary to 201 μS/cm in the West Tributary; SC in the main 
stream was highest in the NW fork of Chicago Gulch, upstream of its confluence with the NE 
Tributary (Figure 6d). The SC drops just above the confluence with the Acid Tributary, but 
increases below the confluence due to elevated SC in the Acid Tributary. The SC also dropped 
below the confluence with the NE Tributary during low flow (262 μS/cm versus 190 μS/cm), 
which could be due to the increase in pH at this location, allowing more dissolved constituents to 
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precipitate as suspended solids. SC increases downstream of the West Tributary (Figure 6d), 
probably as a result of influx of groundwater with elevated Ca-HCO3
- in this reach. The SC was 
lowest in the headwaters bog during both high and low flow. 
Flow increases with distance downstream in Chicago Gulch, with an overall gain of 8.35 
L/s in August, and 78.17 L/s in May (Figure 6h). Only 2.29 L/s and 36.03 L/s of this gain is from 
tributary inflows in August and May, respectively; the rest of the gain is the result of 
groundwater contributions. Temperature fluctuations are closely related to flow; decreased flow 
leads to increased temperature, partially due to higher heating capacities from air temperatures 
during the summer for smaller volumes of water, and also because of the influence of spring 
runoff (snowmelt) during peak flow in May. During low flow, temperatures ranged from 12.68°C 
to 16.8°C; during high flow, temperatures ranged from 5.67°C to 10.2°C. In August, the 
groundwater was colder than the surface water (average of 8.22°C versus an average of 14.53°C) 
due to low flow conditions. In May the groundwater temperature was not much different than 
that of the surface water (Figure 6g).  
3.2. Trace Metal Geochemistry 
3.2.1. Geochemical Trends in Water 
Concentrations of most solutes were generally higher in August 2014 (low flow) than in 
May 2015 (higher flow), and decreased below the confluence with the NE Tributary (Figure 7). 
When comparing total versus dissolved concentrations, the difference is highly dependent on the 
individual constituents (Figure 8). Loads (Table 2) show the opposite seasonal trend as 
concentration, with the highest loads occurring in May, during spring runoff (Figure 9). 
Dissolved versus total load is again a function of the properties of the attenuation of various 
cations (Figure 10).  
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Table II: Load calculations for Chicago Gulch 
Aug 
Sample 
No. 
May 
Sample 
No. 
Distance Flow 
Al 
Load 
Fe 
Load 
Cu 
Load 
Mn 
Load 
Zn 
Load 
Pb 
Load 
Cd 
Load 
SO4 
Load 
F 
Load 
(meters) L/s mg/s mg/s μg/s μg/s μg/s μg/s μg/s mg/s mg/s 
CH1   3175 9.80 0.112 b.d b.d b.d 0.043 b.d b.d 546 7.74 
CH3   2220 7.36 0.514 0.000 0.000 0.111 0.408 0.011 0.002 493 8.83 
CH4   1960 5.11 0.981 0.000 0.006 0.214 0.802 0.093 0.003 386 8.17 
CH5   1765 5.31 4.62 0.159 0.019 0.327 1.16 0.438 0.005 422 10.1 
CH6   1600 4.86 9.44 0.295 0.026 0.362 1.23 0.564 0.005 400 10.7 
CH7   1560 4.00 11.9 1.67 0.030 0.375 1.26 0.735 0.006 346 10.8 
CH9   1290 3.84 11.3 4.42 0.028 0.354 1.18 0.723 0.005 342 10.4 
CH10   1125 3.47 11.0 10.38 0.024 0.314 1.10 0.708 0.004 329 9.72 
CH11   990 3.41 2.99 6.89 0.028 0.302 1.11 0.846 0.005 299 9.55 
CH13   710 1.41 3.70 4.69 0.005 0.107 0.460 0.448 0.003 111 4.80 
CH14   590 1.45 3.99 4.68 0.003 0.107 0.529 0.443 0.003 107 5.08 
CH-TRIB2   1930 1.16 0.001 b.d b.d b.d 0.001 b.d b.d 20.2 0.30 
CH-TRIB3   1580 0.62 0.001 b.d b.d b.d b.d b.d b.d 42.3 0.15 
CH-TRIB5   860 0.52 1.99 0.645 0.008 0.040 0.178 0.010 0.001 58.3 1.14 
CH3 CH1 1960 36.20 1.39 2.38 b.d 4.42 1.54 0.035 0.010 NM NM 
CH5 CH2 1765 39.99 1.90 6.72 b.d 5.76 2.12 0.237 0.013 NM NM 
CH6 CH3 1595 39.61 3.78 15.3 0.046 7.09 2.73 0.200 0.017 NM NM 
CH7 CH4 1560 18.24 11.1 14.4 0.042 5.76 2.33 0.706 0.014 729 18.1 
CH10 CH6 1125 19.67 26.0 26.4 0.066 7.04 2.95 1.47 0.018 830 23.6 
CH11 CH7 990 16.51 21.3 5.71 0.111 5.30 2.58 1.77 0.019 627 19.8 
CH12 CH9 830 10.26 9.09 2.22 0.024 2.79 1.45 1.06 0.013 330 12.3 
CH13 CH10 710 4.73 6.50 4.56 0.017 1.52 0.875 1.05 0.008 184 7.57 
CH-TRIB2 CH1-TRIB 1930 15.03 0.017 b.d b.d b.d b.d b.d b.d NM NM 
CH-TRIB5 CH8 860 2.67 8.22 3.50 0.042 1.45 0.641 0.002 0.002 203.8 3.47 
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Aluminum concentrations were elevated (1.93 mg/L) in the headwaters in May (Figure 
7a), but were even higher (4.34 mg/L) at the bottom of the Iron Mound spring (Figure 1) in 
August. Dissolved aluminum concentrations decreased below the NE Tributary, corresponding 
with an increase in pH; however, total aluminum concentrations were still elevated (0.97 mg/L) 
below the NE Tributary and were still in excess of 300 μg/L at the mouth of the creek in May 
2015 (Figure 8a), illustrating that much of the dissolved Al that precipitated due to the rise in pH 
remained in the water column as suspended particles.  Similar to concentration, dissolved 
aluminum loads decreased downstream of the NE Tributary (11.1 mg/s vs 1.90 mg/s) in May 
2015, but total load was actually highest at the NE Tributary confluence (38.4 mg/s). From this 
point on, the total aluminum load was higher than the dissolved load, consistent with the 
presence of suspended Al particles (Figure 10a).  
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Figure 7: 2014 versus 2015 dissolved concentration comparisons, Chicago Gulch  
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Figure 8: Dissolved versus total concentrations, May 2015  
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Figure 9: 2014 versus 2015 dissolved load comparisons, Chicago Gulch  
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Figure 10: Dissolved versus total loads, May 2015 
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Iron concentrations ranged from 25.1 mg/L to levels below the detection limit, being 
highest in groundwater seeps along the banks of upper Chicago Gulch, specifically in the 
discharge from the Iron Mound Spring and the Bubbler Spring below the Acid Tributary (14.3 
mg/L and 25.1 mg/L). Dissolved and total iron concentrations followed very similar trends, but 
total concentrations were higher throughout the entire sampling reach (Figure 8b), indicating the 
presence of suspended Fe particles. Dissolved versus total load patterns were similar to dissolved 
vs. total concentration patterns: total load remained elevated at the mouth of the creek (16.7 
mg/s) in May 2015 (Figure 10b). Iron speciation results show that ferrous iron is the dominant 
species in the headwaters of the NW fork of Chicago Gulch.  Here, groundwater seepage is 
ubiquitous and the stream is incised into the boggy soil in a way that shields it from wind and 
sunlight.  Below the boggy headwaters, ferric iron becomes the dominant species for the 
remainder of the watershed, although springs and seeps entering the creek may show elevated 
concentrations of ferrous iron (Figure 11). 
 
Figure 11: Iron speciations compared to dissolved oxygen content 
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 Copper, lead and cadmium concentrations were all highest in the headwaters; however, 
the concentration of Pb decreased sharply downstream of the bog. Lead concentrations in the 
headwaters of the NW fork of Chicago Gulch were the highest measured in any stream in the 
vicinity of Red Mountain (Figures 8c, 8d, and 8g). Dissolved and total Cu concentrations ranged 
from 15.74 μg/L to levels below detection and 4.81 μg/L to 1.19 μg/L, respectively, with a high 
fraction of total Cu as suspended particles below the NE Tributary. Dissolved and total Pb 
concentrations ranged from 1540 μg/L to 0.26 μg/L and 150 μg/L to 3.68 μg/L; Pb had total 
concentrations that were higher than dissolved concentrations below the NE Tributary, similar to 
Cu. Copper loads peaked just below the Acid Tributary (111 μg/s); Cu loads in the tributary were 
elevated (41.9 μg/s) and indicate that the tributary is contributing a significant amount of Cu to 
Chicago Gulch (Figure 8c). However, the Acid Tributary does not contribute enough Cu to 
account for all of the increase in load below the confluence, so there is likely an additional 
source of metal loading in the area, probably from groundwater. However, there was very little 
Pb in the Acid Tributary (2.13 μg/s in May 2015), which is interesting since Pb loads also 
peaked below the Acid Tributary (Figure 9d). Both Cu and Pb had elevated total loads compared 
to dissolved loads throughout the entire creek; dissolved loads of both cations decreased to 
values below the detection limit of the ICP-MS below the West Tributary, but total loads 
remained high, especially for Cu (Figure 10c). Total versus dissolved Cd concentrations and 
loads had almost identical values (ranging from 5.46 μg/L to below detect for concentrations, 
and 20.46 μg/s to below detect for loads), but both declined downstream (Figures 8g and 10g). 
Zinc showed a small separation between total and dissolved concentrations and loads (ranging 
from 185 μg/L to 3.96 μg/L for concentrations, and 2996 μg/s to 328 μg/s for loads), with an 
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increase in difference below the NE Tributary; Zn concentrations and loads remained elevated at 
the mouth of Chicago (Figures 8f and 10f). 
Manganese showed little difference between total and dissolved concentrations and loads, 
but both decreased to values below the detection limit of the ICP-MS by the time the stream 
reached the mouth of Chicago Gulch (Figures 8e and 10e). Thallium also showed little difference 
between total and dissolved loads and concentrations, except at the confluence with the West 
Tributary (Figures 8h and 10h). This tributary does not appear to be a source of Tl. 
A comparison of total vs. dissolved concentrations and loads is not possible for sulfate 
and fluoride, as all IC samples were filtered. However, dissolved concentrations were elevated 
for sulfate even at the mouth of Chicago (55.7 mg/L), and fluoride was still present as well (0.79 
mg/L) (Figures 7i and 7j). With regard to load, both sulfate and fluoride loads increased with 
distance downstream, with the highest loads present at the mouth of the creek (2288 mg/s and 
38.1 mg/s, respectively) (Figures 9i and 9j). Loads of both anions showed a substantial increase 
below the NE Tributary, although this tributary was not particularly elevated in loads of either 
anion; the increase could be from local groundwater inflows or desorption from ferricretes and 
ISPs washed into the lower reaches during periods of flooding. 
3.2.2. Trace Metal Chemistry of In-Stream Precipitates 
Metal trends in ISPs developed from ICP-MS results of acid digestions show that most 
metals have inverse trends to those found in water samples (Figure 12). IC analysis was not 
performed on either ISP or ferricrete samples, so anion concentrations are not available. Below 
the NE Tributary, ISP compositions switch from predominantly iron (average of 20.2% Fe and 
3.5% Al) to predominantly Al (average of 1.4% Fe and 16.2% Al) (Table 3). This increase in Al 
corresponds with the increase in pH seen below the NE Tributary; precipitates observed in this 
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reach are cloudy and gray in color, as opposed to the rust colored deposits seen above the NE 
Tributary. Aluminum concentrations in ISPs are lowest in between the Acid Tributary and the 
NE Tributary (2180 mg/kg). No data exist downstream of the West Tributary (Figure 12a), since 
no precipitates were observed in the field. Iron concentrations in ISPs are consistent above the 
NE Tributary confluence (Figure 12b), but drop below the detection limit downstream of the 
confluence (Figure 12b). No ferricretes were observed below 30 meters downstream of the NE 
Tributary confluence. 
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Table III: ISP and ferricrete composition 
Sample No. 
Sample 
Mass (kg) 
Al 
(mg/kg) 
Fe 
(mg/kg) 
Mn 
(mg/kg) 
Cu 
(mg/kg) 
Zn 
(mg/kg) 
Cd 
(mg/kg) 
Tl 
(mg/kg) 
Pb 
(mg/kg) 
Fe/Cu 
ratio 
CH4-ISP 0.0000528 129000 33800 5130 236 1730 5.41 4.10 5010 143 
CH5-ISP 0.0000501 199000 25800 543 251 451 1.13 2.28 5780 103 
CH6-ISP 0.0000525 158000 47600 189 114 168 0.00 1.31 1760 418 
CH7-ISP 0.0000534 17800 178000 173 49.0 133 0.00 5.85 1120 3630 
CH9-ISP 0.0000501 9100 200000 103 39.1 74.1 0.00 0.00 768 5110 
CH10-ISP 0.0000499 6450 210000 92.9 30.5 82.6 0.00 1.24 557 6900 
CH-TRIB4-ISP 0.0000542 2180 210000 0.00 5.71 31.7 0.00 0.00 18.1 36700 
CH11-ISP 0.0000514 10300 199000 170 41.7 107 0.00 1.93 820 4760 
CH12-ISP 0.0000516 25800 205000 310 69.7 198 0.00 3.64 2350 2930 
CH13-ISP 0.0000502 26900 214000 128 53.4 172 0.00 3.69 1450 4020 
CH16-ISP 0.0000528 14700 207000 49.9 39.7 72.4 0.00 1.28 1200 5200 
CH6-FC 0.0000569 1210 199000 22.7 46.8 187 0.00 0.00 560 4240 
CH7-FC 0.0000495 11300 224000 53.4 25.6 427 1.57 0.00 504 8740 
CH9-FC 0.0000502 24600 219000 366 89.5 500 0.00 1.99 955 2450 
CH-TRIB4-FC 0.0000502 12600 240000 88.0 59.4 280 0.00 1.05 406 4040 
CH11-FC 0.0000502 12600 229000 60.6 32.0 492 0.00 0.00 1040 7170 
CH-TRIB5-FC 0.0000517 7270 232000 51.3 63.1 166 0.00 0.00 275 3680 
CH12-FC 0.0000498 43300 227000 942 62.8 589 2.23 2.14 1900 3610 
CH13-FC 0.0000520 1300 220000 28.6 19.8 103 0.00 0.00 982 11100 
CH14-FC 0.0000501 6920 224000 96.1 76.4 491 13.3 0.00 963 2940 
CH16-FC 0.0000502 51700 231000 423 103.6 852 21.5 2.46 2930 2230 
CH18-FC 0.0000506 10900 242000 0.00 34.9 47.4 6.00 0.00 6420 6950 
LIME1-ISP 0.0000510 9070 250000 144 40.9 194 0.99 2.23 55.6 6120 
LIME2-ISP 0.0000520 9240 242000 436 39.7 232 0.00 2.17 42.8 6080 
LIME3-ISP 0.0000527 74800 94800 1230 171 434 1.71 1.51 10.6 556 
 
Average Fe in ISPs below NE Trib 3.574 %  Average Al in ISPs below NE Trib 16.209 % 
Average Fe in ISPs above NE Trib 20.271 %  Average Al in ISPs above NE Trib 1.418 % 
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Figure 12: ICP-MS results for metal concentrations in ISPs and ferricretes 
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Copper and Pb concentrations in ISPs show similar trends, with the highest levels 
occurring below the NE Tributary (251 mg/kg Cu and 5784 mg/kg Pb). Both metals also show a 
small peak just upstream of the Acid Tributary (Figure 13c and 13d). Manganese and Zn show 
similar trends in ISP concentrations (Figure 12e and 12f), increasing below the West Tributary 
(up to 5134 mg/kg Mn and 1727 mg/kg Zn). Cadmium (Figure 12g) is below detection in most 
of Chicago Gulch, but levels are elevated below the NE Tributary (5.41 mg/kg). Thallium 
concentrations range throughout the entirety of the stream (Figure 12h), showing no correlation 
with either pH or presence of other metals. Compared to other metals, Tl concentrations were 
very low in ISPs and ferricretes, in the 1-10 mg/kg range. 
First attempts at identifying the mineralogy of the ISPs using the MicroRAMAN 
Spectrometer were unsuccessful. Weak matches were identified as goethite, but the heat of the 
MicroRAMAN’s laser may have converted the samples to goethite (Hanesch, 2009; Mazzetti 
and Thistlethwaite, 2002; Parviainen et al., 2015), and no metastable mineral phases of HFOs 
were identified. Mineralogy of ISPs was obtained using a PANalytic TerraSpec HALO NIR 
Spectrometer. Precipitates obtained from the pieces of limestone in Armells Gulch were the best 
candidates for analysis due to the known age of the precipitates (three months). All three samples 
showed good matches for ferrihydrite and goethite; less precise matches included smithsonite, 
calcite, gypsum, and several zeolites (thompsonite, gmelinite, and chabazite).  
3.2.3. Trace Metal Chemistry in Pre-Modern Ferricretes 
Data for ferricrete metal concentrations were not available below the confluence with the 
NE Tributary because cemented precipitates are not present in this reach. Any metals present in 
this reach are either adsorbed to ISPs or still present in the stream water. Aluminum 
concentrations are low in all ferricrete deposits (Figure 12a); Al does not appear to form 
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cemented cretes like Fe or Mn, but instead is present as fluffy clay-like ISPs. Iron concentrations 
are obviously elevated in all ferricretes (Figure 12b), with concentrations averaging 20.3% Fe 
(Table 3). No identification was made on the mineralogy of the ferricretes with the TerraSpec, 
but previous XRD data from Williams (unpublished) indicated that the ferricrete cement is 
primarily composed of goethite. 
Copper concentrations in ferricretes vary (104 mg/kg to 19.8 mg/kg), with no distinctive 
attributes about deposits with higher Cu (Figure 12c). However, the ferricrete sample from the 
main stem of Chicago Gulch next to the Iron Mound Spring has the highest concentrations of Cu, 
Cd, Zn, Tl, and Al found in this study. Lead is highest in the bog ferricretes (6423 mg/kg), 
corresponding with high concentrations measured in water samples (Figure 7) and the 
hypothesized presence of a localized geologic Pb deposit near the headwaters. Lead is also 
elevated just above the Acid Tributary (1896 mg/kg), but decreases below the confluence (Figure 
12d). Lead concentrations in ferricretes follow ISP trends closer than any other metal. The 
ferricretes do contain Mn (up to 942 mg/kg), and Tl ferricrete concentrations seem to follow the 
same trend as Mn (Figure 12e and 12h). Zinc concentrations in ferricretes are consistent 
throughout the stream (Figure 12f), with one area of low concentration just above the Acid 
Tributary (103 mg/kg). Cadmium concentrations are highest in the Iron Mound Spring (21.5 
mg/kg), but are mostly below the detection limit further downstream (Figure 12g). 
3.2.4. Leach Experiments 
Experiments performed on crushed samples from Red Mountain gave leachate solutions 
with acidic pH values of 3.92, 3.74, and 3.55, and elevated values of SC (61 μS/cm, 105 μS/cm, 
and 572 μS/cm) for samples 1, 2, and 3, respectively. The leachates also showed high 
concentrations of many metals seen in water samples from Chicago Gulch, including up to 449 
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μg/L Cu, 1090 μg/L Zn, 2.36 μg/L Cd, 2.83 μg/L Tl, and 19.8 μg/L Pb (Table 4). The leach 
samples also had elevated levels of Fe, Mn, Sr, and SO4 (225 mg/L). Sample #3 tended to have 
higher concentrations of metals and other solutes, possibly due to a higher percentage of fine-
grained particles.  
 
Table IV: Selected leach experiment results 
Sample 
No. 
11B 27Al 39K 43Ca 52Cr 55Mn 56Fe 59Co 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
LEACH1 138 48.6 182 1810 < 2 76.5 19.5 < 5 
LEACH2 182 260 233 3850 < 2 154 < 50 22.7 
LEACH3 237 4259 2340 27200 2.14 865 9930 36.9 
 
Sample 60Ni 63Cu 66Zn 88Sr 111Cd 205Tl 207Pb 
No. μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
LEACH1 < 5 62.1 160 339 < 2 < 2 3.8 
LEACH2 < 5 154 159 2890 < 2 < 2 15.1 
LEACH3 93.3 449 1090 14400 2.36 2.83 19.5 
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4. Discussion 
4.1. Flow and Metal Load Trends 
Chicago Gulch is a gaining stream (Figure 5h), meaning that unaccounted groundwater 
inflow is present along most of the reach of the stream. This increase in flow also corresponds 
with increases in overall trace metal load above the NE Tributary confluence, implying that a 
significant amount of metal loads are derived from groundwater (Kimball et al., 2002). Tables 5 
and 6 show areas of flow and load gain and loss in Chicago Gulch during low and high flow. 
Generally, a negative change in load implies either 1) that the element was chemically 
attenuated, or 2) that the particular stream reach was losing water, and therefore solute mass. 
During low (base) flow, groundwater inflow seems to be concentrated in certain areas, most 
obviously in the steep gradient reach below the Acid Tributary. During peak flow in late spring, 
groundwater inflow seems to be distributed throughout the entire stream. However, the 
proportion of groundwater inflow to total flow decreases during high flow by about 12% (Tables 
5 and 6), because there is proportionately more water coming from the tributaries at this time. 
This observation is reflected in the metal loading trends in Chicago; during low flow, increases 
in load are only observed downstream of the Acid Tributary, while loading seems to occur 
throughout Chicago during high flow (although the largest increase still occurs below the Acid 
Tributary). Most metals show losses below the NE Tributary confluence in August; however, in 
May, losses begin above the confluence. The higher measured pH in May versus August (5.43 
and 3.96 mg/s, respectively) might cause precipitation of Al in this reach, and a higher chance of 
metal attenuation to HFOs and HAOs in this same location. 
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Table V: Change in load and flow due to groundwater fluctuations, August 2014 
Sample 
No. 
Distance 
Downstream 
(m) 
Δ flow 
(L/s) 
Δ Al 
Load 
(mg/s) 
Δ Fe 
Load 
(mg/s) 
Δ Cu 
Load 
(mg/s) 
Δ Mn 
Load 
(mg/s) 
Δ Zn 
Load 
(mg/s) 
Δ Pb 
Load 
(mg/s) 
Δ Cd 
Load 
(mg/s) 
Δ Tl 
Load 
(mg/s) 
Δ SO4 
Load 
(mg/s) 
Δ F 
Load 
(mg/s) 
CH13 1080 -0.040 -0.29 0.01 0.001 0.000 -0.070 0.010 0.000 -0.001 4.12 -0.280 
(Acid Trib 
- Inflow) 
1200 
                      
CH11 1360 1.48 -2.70 1.56 0.020 0.160 0.470 0.390 0.002 0.010 130 3.62 
CH10 1500 0.060 8.02 3.49 -0.004 0.010 -0.001 -0.140 -0.001 0.000 29.6 0.170 
CH9 1670 0.370 0.23 -5.96 0.003 0.040 0.070 0.010 0.001 0.001 12.9 0.660 
CH7 1920 0.150 0.61 -2.75 0.002 0.020 0.090 0.010 0.001 0.001 4.32 0.410 
(NE Trib - 
Inflow) 
1930 
                      
CH6 1970 0.250 -2.47 -1.38 -0.004 -0.010 -0.040 -0.170 0.000 -0.001 53.8 -0.090 
CH5 2155 0.440 -4.81 -0.140 -0.010 -0.040 -0.060 -0.130 0.000 -0.001 21.6 -0.620 
CH4 2380 -0.200 -3.64 -0.160 -0.010 -0.110 -0.360 -0.340 -0.002 -0.003 -35.3 -1.91 
CH3 2630 2.25 -0.470 0.00 -0.010 -0.100 -0.390 -0.080 -0.001 -0.001 107 0.660 
(W Trib - 
Inflow) 
2640 
                      
CH1 3580 1.28 -0.40 0.000 0.000 -0.11 -0.37 -0.01 -0.002 -0.01 52.74 -1.09 
Sample 
No. 
Distance 
Downstream 
(m) 
Flow 
(L/s) 
Al Load 
(mg/s) 
Fe 
Load 
(mg/s) 
Cu 
Load 
(mg/s) 
Mn 
Load 
(mg/s) 
Zn 
Load 
(mg/s) 
Pb 
Load 
(mg/s) 
Cd 
Load 
(mg/s) 
Tl 
Load 
(mg/s) 
SO4 
Load 
(mg/s) 
F Load 
(mg/s) 
Acid Trib 1200 0.520 1.99 0.650 0.010 0.040 0.180 0.010 0.001 0.002 58.3 1.14 
NE Trib 1930 0.620 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 42.3 0.150 
W Trib 2640 1.16 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 20.2 0.300 
Flow from bog (L/s) 1.45                       
Cumulative instream flow (L/s) 9.80                       
Cumulative trib inflow (L/s) 2.29                       
Groundwater inflow (L/s) 6.06                       
% of unaccounted flow 61.8                       
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Table VI: Change in load and flow due to groundwater fluctuations, May 2015 
Sample No. 
Distance 
Downstream 
(m) 
Δ flow 
(L/s) 
Δ Al 
Load 
(mg/s) 
Δ Fe 
Load 
(mg/s) 
Δ Cu 
Load 
(mg/s) 
Δ Mn 
Load 
(mg/s) 
Δ Zn 
Load 
(mg/s) 
Δ Pb 
Load 
(mg/s) 
Δ Cd 
Load 
(mg/s) 
Δ Tl 
Load 
(mg/s) 
Δ SO4 
Load 
(mg/s) 
Δ F 
Load 
(mg/s) 
CH9 1190 5.53 2.60 -2.34 0.0100 1.27 0.570 0.0100 0.0100 0.004 146 4.75 
(Acid Trib - 
Inflow) 
1200 
                     
CH7 1360 3.58 3.95 -0.003 0.0500 1.06 0.490 0.710 0.0100 0.003 94.2 4.02 
CH6 1500 3.16 4.74 20.6 -0.0500 1.74 0.380 -0.290 -0.001 0.003 203 3.79 
CH4 1920 -1.43 -14.9 -12.0 -0.0200 -1.28 -0.620 -0.770 -0.004 -0.003 -101 -5.55 
(NE Trib - 
Inflow) 
1930 
                     
CH2 2155 0.38 -1.89 -8.57 -0.0500 -1.33 -0.610 0.0400 -0.003 -0.004    
CH1 2630 -3.78 -0.510 -4.34 0.00 -1.34 -0.570 -0.200 -0.003 -0.0200    
(W Trib - 
Inflow) 
2640 
                     
CH0 3580 31.67 1.10 -2.38 0.000 -3.07 -1.21 -0.01 -0.01 0.000    
Sample No. 
Distance 
Downstream 
(m) 
Flow 
(L/s) 
Al 
Load 
(mg/s) 
Fe 
Load 
(mg/s) 
Cu 
Load 
(mg/s) 
Mn 
Load 
(mg/s) 
Zn 
Load 
(mg/s) 
Pb 
Load 
(mg/s) 
Cd 
Load 
(mg/s) 
Tl 
Load 
(mg/s) 
SO4 
Load 
(mg/s) 
F Load 
(mg/s) 
Acid Trib 1200 2.67 8.22 3.50 0.0420 1.45 0.640 0.002 0.002 0.0100 204 3.47 
NE Trib 1930 18.3                    
W Trib 2640 15.0 0.0200 0 0 0 0 0 0 0    
Flow from bog (L/s) 4.73                      
Cumulative instream flow (L/s) 82.9                      
Cumulative trib inflow (L/s) 36.0                      
Groundwater inflow (L/s) 42.1                       
% of unaccounted flow 50.8                       
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4.2. Seasonal Loads 
Loads are overall higher in May versus August due to the overall increase in flow during 
spring runoff. The biggest increase in metal loads occurs below the Acid Tributary (Figure 9). 
This tributary contributes additional Tl, Cu, Fe, Al, Mn, Zn, Cd, F, and SO4—basically 
everything except for Pb. The low pH of this tributary decreases the probability of attenuation, 
which would cause most metals to remain in their dissolved, more mobile form until the tributary 
mixes with the main creek. An increase in flow below the confluence contributes to the increase 
in load, but the quantity of metals and the amount of flow added to the main creek from the Acid 
Tributary is not enough to explain the increase below the confluence. This increase may be better 
explained by the amount of groundwater inflow within this same reach (Tables 5 and 6), which 
could be contributing a significant amount of the above metals (Kimball et al., 2002). Although 
the Acid Tributary does not contain much Pb, the load still increases below the Acid Tributary. 
Based on the seasonal concentrations of Pb (Figure 7d), the increase in Pb load appears to be the 
result of an increase in flow, not an increase in Pb concentration. 
Below the NE Tributary, there is a small increase in Mn, Zn, Cd, Tl, F, and SO4 load in 
May (Figure 9). This tributary does not seem to actually contain many solutes of concern except 
for SO4. Aluminum, Mn, and Zn loads remain slightly elevated at the mouth of Chicago during 
high flow, and F and SO4 loads are elevated during both high and low flow (Figure 9). The 
elevated Al, Mn and Zn loads are probably a result of sorption and precipitation kinetics; during 
high flow, the water is moving faster, allowing less time for particles to settle out of the water 
column. Aluminum precipitates are lighter than Fe precipitates, which may be why Fe loads still 
drop to almost zero at the mouth of Chicago, but Al loads are still elevated. Zn has a much 
weaker affinity for sorption onto HFOs and HAOs than other metals, which is why Zn remains 
elevated at the mouth of Chicago (Figure 10f). This same trend has been observed in many mine-
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impacted sites (Smith, 1999). Manganese precipitates very slowly, and requires the presence of 
other Mn oxides on the streambed to precipitate (Hem, 1981; Balzer, 1982). Because of this, Mn 
is more susceptible to increased loads during high flow. F and SO4 are anions, and will not 
adsorb at high pH (Alpers et al., 1994; Smith, 1999), which explains the elevated loads at the 
mouth of the creek (Figures 10i and 10j). All other metal loads are close to zero at the base of the 
creek, probably due to attenuation upstream and lack of trace metals in influent groundwater or 
surface water below the confluence with the NE Tributary. 
4.3. Comparison of Metal Concentrations to Regulatory Standards 
Metal concentrations in upper Chicago Gulch are well above Montana aquatic life water 
quality standards in the entirety of the creek during both low flow (August 2014) and high flow 
(April 2012) (Figures 13 and 14). High flow data from May 2015 was not available because ICP-
AES was not performed on samples from that trip; as a result, water hardness could not be 
calculated. Instead, results from April 2012 (provided by C. Gammons, personal communication) 
were used to calculate water quality standards in high flow. 
Montana does not have an aquatic life standard for Tl, but the human health standard for 
surface water is 0.240 ppb, regardless of water hardness, due to the high toxicity of Tl (EPA, 
2009). Tl is well above this standard throughout the creek. Copper, Cd, Pb, and Zn all exceed 
chronic Montana Water Quality Standards for aquatic life (Montana DEQ, 2012). These 
standards are based on water hardness, which is correlated to the concentrations of Ca and Mg. 
Although this exceedance is seen in the upper reaches of Chicago Gulch, existing trout 
populations observed in the downstream reaches are likely impacted by metal concentrations 
upstream, even though most metals pass regulatory standards below the West Tributary. If 
conditions in Chicago Gulch worsen, the trout populations might be impacted.  
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Figure 13: Montana water quality standards versus measured concentrations in Chicago Gulch, August 2014 
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Figure 14: Montana water quality standards versus measured concentrations in Chicago Gulch, April 2012
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 The seasonal dependence of metal concentrations differs from that of loads in that 
concentrations are higher during low flow because increased flow causes dilution, even though 
there is actually a higher mass of metals in the creek during high flow (Figure 7). However, even 
in high flow, Pb, Cd, Zn, and Cu are all above chronic Montana water quality standards for 
aquatic life, and Tl is still above the Human Health Standard (MDEQ, 2012). An excellent 
example of the geochemical processes can be seen in Figure 8. Al, Fe, Zn, Cd, Tl, F, and SO4 
concentrations peak at the Iron Mound spring, then decrease drastically 10 feet down gradient of 
the spring (Figure 4a and 4b). When the Fe(II)-rich spring water hits the air, the iron is oxidized 
to ferric hydroxides, which over time builds up the terraces in Figure 4b (lower terrace photo) 
and lowers the pH of the water from ~ 4.5 at the spring to < 4 at the bottom of the terraces, via 
Equation (3). Presumably, other metals in the water adsorb to the precipitated iron, causing all 
metal levels to decrease. Interestingly, Cu and Pb concentrations are actually higher at the bottom 
of the terrace than at the top, which could be a result of the balance between seasonal changes in 
Fe-oxidation, temperature, and pH; as the pH lowers at the base of the spring, metals have less 
affinity for adsorption, rendering metals like Cu and Pb more mobile at this location.  
4.4. Total versus Dissolved Loads 
The previous discussion takes only dissolved metals into consideration, but in order to 
truly understand geochemical processes in Chicago Gulch, total loads must also be accounted 
for. Total loads represent both the dissolved and suspended metals, giving a better picture of 
precipitation and adsorption throughout the stream. Figure 10 compares the total load to the 
dissolved load in Chicago Gulch in May 2015. Al, Fe, Cu, and Pb all have higher total loads as a 
result of higher flow. Aluminum starts to precipitate out below the confluence with the NE 
Tributary, which correlates with the increase in pH from <3.5 to >5.5, providing adequate 
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conditions for aluminum precipitation below the confluence (McKnight and Bencala, 1990). Iron 
appears to precipitate out more downstream of the Acid Tributary, but ferricrete deposits are 
seen all the way up into the headwaters. The colloidal Fe upstream of the Acid Tributary may not 
be represented by the unfiltered sample due to laminar, low-flow conditions, which should allow 
colloids to settle out at the bottom of the stream instead of being suspended in the water column.  
Lead and Cu seem to sorb onto the ferricretes at the widest range of pH, confirmed by the 
presence of lead and copper in the ferricrete deposits through pXRF and ICP-MS analysis. 
Cadmium and Mn appear to be chemically conservative, with total and dissolved loads 
remaining close throughout the stream. Zinc does not attenuate until the confluence of the NE 
Tributary, implying that Zn has less affinity for adsorption than Cu or Pb (Alpers et al., 1994; 
Smith, 1999). Although Mn appears to be conservative, Mn-cretes are seen downstream of the 
West Tributary, implying that Mn is actually precipitating out. However, Mn precipitates are 
found only on the streambed, accreting onto cobbles along the bottom of the stream at the 
interface between oxidizing and reducing conditions, such as where groundwater inflow meets 
surface water (Robinson, 1981; Hem, 1981). Therefore, unfiltered samples would not include 
colloidal manganese since it is not present as suspended sediment, which may explain the lack of 
separation between total and dissolved manganese load. Thallium appears to be mostly dissolved 
throughout the entire creek. Thallium does not readily adsorb onto HFOs, but has been found to 
sorb in small quantities when HMOs are present (Jacobson et al., 2005), which seems to be the 
case near the mouth of Chicago: the presence of the HMOs may explain the decrease in Tl load 
at the base of Chicago (Balzer, 1982; Williams et al., 2015). Although the spread between total 
and dissolved concentrations is less than between loads, the percent difference is still the same. 
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Additionally, some differences in load likely occur within a 24-hour period due to diel changes 
in stream chemistry (Gammons et al., 2005; Parker et al., 2007).  
4.5. Comparison of Leach Experiments and Field Results 
The amount of metals dissolved into the deionized water in the leach experiments appear 
to be a function of particle size and surface area. Leach 3 had more fine-grained particles, while 
Leaches 1 and 2 were composed of only 1” pieces of weathered and mineralized porphyry. Leach 
3 had levels of Cu, Mn, and Zn that were much higher than any concentration measured in 
Chicago Gulch (Figure 15). Lead levels were minimal in all three leaches, re-affirming the 
theory that the Pb source is localized somewhere in the vicinity of the ridge that separates the 
headwaters of Chicago and Collar gulches. Leach 3 concentrations of Al, Fe, Cd, and Tl levels 
fall within the range of observed concentrations, but F levels are lower than observed values in 
Chicago for all three leaches. Sulfate concentrations in Leach 3 are higher than stream values. 
Adsorption to HFOs is probably less of a factor in the leach experiments compared to any of the 
drainages surrounding Red Mountain; although formation of HFOs was observed in the leach 
containers, the quantity, and therefore the amount of surface area available for adsorption, is 
much smaller than seen in any of the drainages. Therefore, levels of all metals could be expected 
to be higher than what has been measured in Chicago Gulch. Copper has a high affinity for 
adsorption, and Cu levels are much higher in the leaches than observed concentrations in the 
stream, implying there may be proportionately high quantities of Cu adsorbed to the ferricretes. 
Lead also has a high affinity for adsorption, but concentrations in the sampled rock were 
probably not high enough to provide elevated concentrations of Pb in the leach, providing further 
evidence of a localized geologic source of Pb in the saddle between Chicago and Collar Gulches 
(elevated Pb concentrations are only seen in the headwaters of Chicago and Collar Gulches). 
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Figure 15: Metal concentrations in leach experiments vs water sample concentrations from Chicago Gulch 
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Gulch). Zinc has a slightly higher affinity for adsorption than Cd, which could explain why 
levels of Zn were much more elevated than Cd in the leaches. Manganese also has little affinity 
for adsorption, and the kinetics of particle formation are slow and tend to be concentrated along 
the streambed; therefore, it is not surprising that levels of dissolved Mn in the leach experiments 
are higher than in the stream. 
4.6. Metal Loads and Streamflow Trends 
Figure 16 shows metal load vs. flow just above the confluence with the Acid Tributary. 
Three sampling events are shown: low flow in August 2014, medium flow in May 2015, and 
high flow in April 2012 (data from C. Gammons, personal communication). The loads are 
compared to constant concentration lines; if the slope of the metal loads is the same as the 
constant concentration lines, there is a constant rate of input of metals into the system as flow 
increases. If the slope of the metal load trends is horizontal, the load remains constant and no 
additional metals are added as flow increases. It appears that the SO4, F, Zn, Cu, Al, and Cd 
loads remain constant at low to medium flows above the Acid Tributary, but at medium to high 
flows, the points follow the constant concentration lines. Iron and Pb loads decrease at low to 
medium flow; Fe follows the constant concentration lines at medium to high flow, but Pb loads 
remain constant. Manganese loads actually increase at low to medium flows, but follow the 
constant concentration lines at medium to high flows. The pH of upper Chicago Gulch was 
significantly higher in May 2015, which probably increased the likelihood of metal attenuation, 
especially for Fe and Al, suggesting that most metal loads may increase with higher flows at this 
location if pH remains constant. 
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Figure 16: Metal loads versus streamflow: above Acid Tributary 
 
 Figure 17 again compares metal load trends with constant concentration lines, this time 
just above the confluence with the NE Tributary. A similar trend is seen at this location: sulfate, 
fluoride, zinc, and copper loads remain constant at low to medium flow, but follow the constant 
concentration lines at medium to high flow. Cadmium loads increase only slightly from low to 
medium flows, but show a constant concentration from medium to high flow. Manganese loads 
still increase from low to medium flow and follow the constant concentration lines at medium to 
high flow. Aluminum and lead loads decrease from low to medium flow and increase (with a 
higher slope than the constant concentration lines) at medium to high flows, but the pH is also 
much higher at medium flow, which should allow aluminum to precipitate out. Iron load 
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increases at medium flow but decreases at high flow; the reason for this is unknown—the pH 
(5.43) is certainly high enough to allow iron precipitation at medium flow. 
 
Figure 17: Metal loads versus streamflow: above NE Tributary 
 
Figure 18 shows metal loads with respect to constant concentration for the location above the 
confluence with the West Tributary. At this point, Chicago Gulch contains few metals, and has a 
neutral pH. Loads are overall lower here than at the other two sites due to chemical attenuation 
of metals upstream, but there is an obvious correlation between the increases in metal loads with 
increases in flow. Increased metal loads are likely due to a lack of chemical attenuation upstream 
at high flow, allowing the constituents to be transported further downstream. 
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Figure 18: Metal loads versus streamflow: above West Tributary 
 
Figure 19 shows chemical processes at the mouth of Chicago. There is little chemical activity 
here, as most constituents are below the detection limit. Loads do increase with an increase in 
flow, especially for Zn and Al, probably due to higher flows upstream that did not allow enough 
time for either constituent to settle out or adsorb; Zn has a low affinity for adsorption and so it is 
not surprising that it is still present at the mouth of Chicago; this trend is observed in many mine-
impacted areas as well (Smith, 1999). Precipitated Al tends to exist as small, clay-like particles 
that are easily transported during high flow, hence the increase in Al during peak flow. 
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  Figure 19: Metal loads versus streamflow: mouth of Chicago Gulch 
 
4.7. In-Stream Precipitates and Ferricretes 
Trends in concentrations of trace metals in ISPs follow the reverse pattern to the same 
metals in the stream due to adsorption of the trace metals onto the ferricretes; adsorption occurs 
at a range of pH based on characteristics of the individual metals, but most metals that dissolve 
as cations will not adsorb readily at pH < 4. Consequently, most of the adsorption occurs in the 
lower reaches of the stream, where pH is between 4 and 5.5. Another factor affecting the 
concentration of metals in both ISPs and ferricretes is the source of metals, which is concentrated 
near the headwaters. No additional metal loading from groundwater or tributary inflow occurs 
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below the NE Tributary confluence, therefore any metals contained in the ISPs and ferricretes 
are sourced from further upstream. The lack of metal loading sources could explain why 
concentrations of metals like Cd and Zn are seen in the ISPs downstream, despite their decreased 
affinity for adsorption at pH < 8. Metals with a high affinity for adsorption (Cu, Pb) will adsorb 
to the ISPs and ferricretes further upstream, but no additional source is contributing these metals 
downstream. Therefore, there is probably less Cu and Pb available for sorption downstream, 
which frees up surface area on the precipitates and gives metals like Cd and Zn the opportunity 
to adsorb. 
Mineralogical analysis showed that unstable phases of HFO exist in ISPs in Armells 
Gulch; Chicago Gulch ISPs identified as primarily goethite, which could be due to the delay in 
analysis—the ISP samples were dried and stored for over a year prior to identification, which 
could adversely affect the preservation of unstable phases. The TerraSpec identified both 
goethite and ferrihydrite in the 3-month-old ISPs from Armells Gulch; however the instrument 
does not contain the spectrum for schwertmannite, so this phase could not be identified, if it 
exists. Jarosite was not identified, but would likely only be present near the headwaters of 
Chicago due to the pH restrictions on jarosite formation (Alpers et al., 1994; Nordstrom, 1982). 
None of the aluminum precipitates provided a match; they could either contain mineral phases 
that are not in the TerraSpec’s database, or they could be amorphous. 
4.8. Geochemical Modeling 
4.8.1. Mineral Saturation Indices 
Results from saturation index modeling show that the waters in Chicago are 
supersaturated with respect to Fe throughout the entire reach of the creek, and waters with a pH > 
5 are also supersaturated with respect to Al (Figure 20). These data were calculated based on 
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measured concentrations of Fe3+ and Fe2+ to account for both valences, which have distinct 
characteristics: Fe2+ is more mobile, while Fe3+ is more likely to precipitate, implying that the 
presence of HFOs increases with higher Fe3+ concentrations. Ferrihydrite (Fe(OH)3) is predicted 
to be supersaturated at the widest range of pH, being supersaturated in all waters with pH > 3.5. 
Schwertmannite (Fe8
3+O8(SO4)2(OH)6) is also predicted to be close to equilibrium at a wide 
range of pH (Bigham et al., 1996; Sánchez-España et al., 2011), but has the highest saturation 
index values at pH < 4—otherwise, schwertmannite is close to equilibrium at pH > 4. K-jarosite 
was predicted to be supersaturated in waters with pH < 4.6; however, it seems unlikely that 
jarosite is present in Chicago Gulch, as jarosite is more typical of mine-impacted waters with pH 
< 3 (Wirt et al., 2007). 
 
Figure 20: Modelled mineral Saturation Indices 
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TerraSpec results indicated the presence of goethite and ferrihydrite in ISPs; 
schwertmannite is not part of the TerraSpec database, so no confirmation can be made for its 
presence in ISPs. No jarosite was detected by the TerraSpec in any of the ISP samples. XRD data 
from Williams et al. (unpublished) confirmed that most of the matrix in aged ferricretes is 
composed of goethite. Field observations indicate that iron precipitates are indeed present above 
the NE Tributary confluence, where pH is < 5.5; however, the model indicates that Fe-
precipitates should be observed at pH as high as 7.8, which was not seen in Chicago Gulch. The 
lack of Fe ISPs could be a result of the localized source of Fe in the vicinity of Red Mountain; as 
seen in Figure 8, total and dissolved Fe concentrations decrease below the NE Tributary 
confluence, indicating that most of the Fe has precipitated out further upstream. It is unlikely that 
there are additional loading sources of Fe below the NE Tributary, so Fe precipitates would not 
be observed below this location. Modelled aluminum precipitates include basaluminite 
(Al4(SO4)(OH)10▪5(H2O), gibbsite (Al(OH)3), and amorphous Al(OH)3; gibbsite is 
supersaturated in all waters with pH > 5, while basaluminite shows similar trends with the 
exception of a few sites with pH > 7.4. Amorphous Al(OH)3 is undersaturated in all waters. The 
high S.I. values for basaluminite and gibbsite predicted by Minteq for samples below the NE 
Tributary confluence correspond to the presence of cloudy white turbidity and aluminous crusts 
through this stream reach (Figure 4d), where mixing of low and neutral pH waters causes the pH 
to increase to > 5. Although Al(OH)3 (amorphous) was calculated to be undersaturated by the 
model, it is likely that some of the aluminum precipitates are indeed amorphous. Field 
observations indicate that aluminum and iron precipitates are indeed present at their respective 
pH regimes. The mineralogy model results fit well with the pH regimes established by previous 
works (Alpers et al., 1994; Nordstrom, 1982; Verplanck et al., 2007).  
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4.8.2. Adsorption 
Results from adsorption modeling (Figure 21) based on the methods of Dzombak and 
Morel (1990) show that the percentage of cations adsorbed to HFOs increases with increasing 
pH. 
 
Figure 21: Adsorption model results 
 
Lead and Cu show the highest adsorption rates, with 99.6% and 97.8% of Pb and Cu, 
respectively, adsorbed at a pH of 7.8, the highest pH measured in Chicago Gulch. Only 57.8% of 
Zn, 20.4% of Cd, and 4.7% of Mn are adsorbed at this same pH. These numbers agree with 
published trends (Benjamin and Leckie, 1981; Alpers et al., 1994; Gadde and Laitinen, 1974; 
Smith, 1999; and Trivedi and Axe, 2001). Thallium shows little adsorption at all pH values, 
maxing out at 0.0014% at the highest pH; based on acid digestion data, presence of thallium 
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appears to correspond with increasing Mn content in ISPs (Jacobson et al., 2005). Anions show 
the opposite trend in terms of percent of total compound: F does not adsorb at any pH, while SO4 
adsorbs at lower pH, and decreases with increasing pH. Sulfate does not show a high percent 
adsorbed at any pH, but since there was a lot of dissolved SO4 present, it is likely that many of 
the HFO sorption sites are occupied by SO4, especially at pH <4. Arsenic was not included in 
this model due to a lack of As in the water samples; however, many ferricrete and ISP samples 
showed elevated concentrations of As in upper Chicago Gulch (Appendix A, Table 7.6). Arsenic 
tends to speciate as an anion (AsO4
-3), implying that As adsorption trends will resemble SO4, 
with a higher percent adsorbed at pH <4. 
4.9. Pre-Modern pH Prediction Using Fe/Cu Ratios 
Figure 22 shows the regression curve developed by plotting measured pH of the stream 
versus Fe/Cu ratios of the corresponding ISPs.  
 
Figure 22: pH versus Fe/Cu ratio; pH prediction equation 
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Substituting the Fe/Cu ratio measured from ancient ferricretes for “x” allows for prediction of 
stream pH at the time of ferricrete formation (Table 7) using Equation 5: 
𝑦 = 13.275𝑥−0.159 
 (5) 
 The results (Table 7 and Figure 23) indicate that the pre-modern stream pH was probably 
similar to the pH of today in the headwaters of Chicago Gulch. Because of the lack of ferricrete 
deposits downstream of the NE Tributary confluence, pre-modern pH cannot be predicted for 
that reach; however, the furthest downstream ferricrete deposit (CH6) Fe/Cu ratios indicate that 
the pH at this location was actually lower in pre-modern times (3.52 vs. 5.16, respectively). This 
discrepancy could be explained if the exact location of the confluence between the NE Tributary 
and the main stem of Chicago Gulch has shifted over time. The lower pre-modern pH could 
explain why concentrations of Cd, Zn, and Mn exist in modern ISPs, but not in ancient 
ferricretes; the pH may have been too low for adsorption of these cations to occur. 
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Table VII: pH predictions for ancient stream conditions 
Sample No. Distance Downstream (m) pH Fe/Cu ratio  
CH4-ISP 1960 6.63 143 
M
ea
su
re
d
 p
H
 
CH5-ISP 1765 5.96 103 
CH6-ISP 1600 5.16 418 
CH7-ISP 1560 3.69 3630 
CH9-ISP 1290 3.61 5110 
CH10-ISP 1125 3.47 6900 
CH11-ISP 990 3.29 4760 
CH12-ISP 830 3.28 2930 
CH13-ISP 710 3.35 4020 
CH16-ISP 520 3.69 5205 
CH6-FC 1600 3.5 4240 
P
re
d
ic
te
d
 p
H
 
CH7-FC 1560 3.1 8740 
CH9-FC 1290 3.8 2450 
CH11-FC 990 3.2 7170 
CH12-FC 830 3.6 3610 
CH13-FC 710 3.0 11100 
CH14-FC 590 3.7 2940 
CH16-FC 520 3.9 2230 
CH18-FC 0 3.2 6950 
 
 
 Upstream of the NE Tributary confluence, pre-modern pH values are similar to modern 
pH (Figure 23). Ancient ferricrete deposits probably reflect variations in stream conditions; pH 
predictions indicated fluctuations over time, probably due to seasonal changes and variations in 
climate. Although Chicago Gulch does not have an ideal distribution of pH versus distance due 
to the abrupt influx of the pH-neutral NE Tributary, the predicted synoptic pH values are close to 
modern values, which is expected since Chicago Gulch is not impacted by mine activity. 
Seasonal measurements have shown that fluctuations occur in low versus high flows and 
temperatures, which has an effect on the pH and therefore the capacity of metal attenuation. In 
Chicago Gulch, seasonal changes are especially pronounced as the fluctuations impact the 
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influence of the neutral tributaries on the entire stream, creating much higher error and 
uncertainty in the regression equation. 
 
 
Figure 23: Downstream distance versus predicted pH and measured pH 
 
Additionally, the tributaries (especially the Acid Tributary) would require separate calculations 
of regression equations based on the unique chemistry of each tributary; the equation developed 
for Chicago cannot be used in any of the tributaries, or in any of the other streams in the vicinity 
of Red Mountain (Figure 24).  
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Figure 24: Comparison of regression equations from Chicago, Armells, and Collar Gulches 
 
The method of Nimick et al. (2009) has proven effective in some mine-impacted and natural 
situations, but not every watershed is an ideal candidate for this method, as demonstrated by 
comparison of the application in Chicago, Armells, and Collar Gulches. Therefore, it is 
recommended that the relationship of pH and Fe/Cu ratios as a method of estimating past pH be 
used with caution. 
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5. Conclusions 
Stream waters in Chicago, Armells, and Collar Gulches are naturally acidic due to the 
presence of disseminated pyrite within the Red Mountain stock. Waters in all three drainages 
with headwaters in the vicinity of Red Mountain neutralize downstream due to dilution by 
tributaries and groundwater seeps sourced from Mesozoic and Paleozoic limestones. Chicago 
Gulch exceeds chronic Montana Water Quality Standards set by the DEQ for aquatic life (Pb, 
Cu, Zn, and Cd) and human health (Tl); concentrations decrease during peak flow in the 
springtime, but are still above the standards. Despite concentrations being lower, loads increase 
during high flow. Chicago Gulch is fed primarily by groundwater, which is thought to be a 
significant source of metal loading in all seasons. Metal concentrations in associated ISP and 
ferricrete deposits are also elevated, but provide inverse trends when compared to metal 
concentrations in the stream, due to pH-dependent adsorption processes. Adsorption modeling 
provided an accurate picture of these processes in Chicago Gulch, evidenced by the trace metal 
patterns seen in ISPs. Mineralogical modeling proved less accurate when compared to results 
attained via a TerraSpec HALO Spectrometer; however, methods of identifying mineralogy of 
ISPs may be inadequate due to restriction of the TerraSpec database. Methods proposed by 
Nimick et al. (2009) appear to provide a reasonable prediction of pre-modern pH in Chicago 
Gulch; due to the nature of the system, the pH is not thought to have changed significantly in the 
last 10,000 years. 
Although this paper provides a detailed study of Chicago Gulch, Carbon-14 dating is 
recommended in future studies to confirm the age of the pre-modern ferricretes (Furniss et al., 
1999). This is especially important for application of the pH prediction method in mine-impacted 
areas. 
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7. Appendix A: Supplemental Data, Chicago Gulch 
7.1. Sample Site Descriptions and Correlations 
Site Description Aug Sample 
No. 
May Sample 
No. 
Figure 3 Sample 
No. 
Distance Downstream (m) Latitude Longitude 
Bottom of Chicago CH1 CH0 CH1 3175 47.205377 -109.164745 
GW spring draining from East side CH-TRIB1  CH-TRIB1 2720 47.206888 -109.169737 
Above Trib1 CH2  CH2 2725 47.206888 -109.169737 
230 m downstream of West Trib CH3  CH3 2220 47.207007 -109.175556 
West Trib CH-TRIB2 CH1-TRIB CH-TRIB2 1930 47.207581 -109.178811 
Just above West Tributary CH4 CH1 CH4 1960 47.207710 -109.178424 
Rock island at bend in creek CH5 CH2 CH5 1765 47.208672 -109.180042 
30 m below NE trib confluence CH6 CH3 CH6 1600 47.210021 -109.181131 
NE Tributary CH-TRIB3 CH5 CH-TRIB3 1580 47.210481 -109.181221 
Above NE Trib confluence CH7 CH4 CH7 1560 47.210242 -109.181467 
125 m upstream of CH7 CH8  CH8 1435 47.211106 -109.182586 
145 m upstream of CH8 CH9  CH9 1290 47.211805 -109.184121 
Above beaver pond CH10 CH6 CH10 1125 47.212715 -109.185912 
Bubbler Spring CH-TRIB4  CH-TRIB4 1020 47.213130 -109.187100 
Below Acid trib CH11 CH7 CH11 990 47.213019 -109.187487 
Acid Tributary CH-TRIB5 CH8-TRIB CH-TRIB5 860 47.213418 -109.189362 
Above Acid Trib confluence CH12 CH9 CH12 830 47.213393 -109.189495 
Above hole in creek CH13 CH10 CH13 710 47.213364 -109.191094 
Pool downstream of Iron Mound Spring CH14  CH14 590 47.213697 -109.192479 
Groundwater seep next to CH14 CH-TRIB6  CH-TRIB6 590 47.213818 -109.192518 
Bottom of Iron Mound Spring CH15-2 CH11-2 CH15-2 540 47.213727 -109.193172 
Top of Iron Mound Spring CH15 CH11 CH15 525 47.213805 -109.193363 
Chicago Gulch next to Iron Mound CH16  CH16 520 47.213930 -109.193306 
Pool above Iron Mound Spring CH17  CH17 250 47.214104 -109.196945 
Clearing in bog near headwaters  CH12 CH18 310 47.214062 -109.196173 
Next to CH12, south side  CH13 CH19 220 47.214002 -109.196050 
First source  CH14 CH20 0 47.214677 -109.199900 
Second source, south side  CH15 CH21 0 47.214677 -109.199900 
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7.2. August 2014 Data 
7.2.1. Field Data, August 2014 
Sample No. 
Distance 
Downstream (m) 
Date Time Flow 
(L/s) 
pH LDO 
(%) 
Temp 
(°C) 
SC 
(μS/cm) 
ORP 
(mV) 
Alkalinity 
(mg/L CaCO3) 
CH1 3175 8.18.14  9.8 7.58 99.1% 12.68 233.8 349 55 
CH-TRIB1 2720 8.18.14   7.65 102.2% 5.75 219.4 337 107 
CH2 2725 8.18.14   7.8 99.8% 13.48 236.7 343 53 
CH3 2220 8.18.14 12:00 7.36 7.41 99.3% 15.18 211.3 342 34 
CH-TRIB2 1930 8.18.14 12:45 1.16 7.7 97.9% 12.16 200.6 345 94 
CH4 1960 8.18.14 13:07 5.11 6.63 98.2% 16.8 196.1 340 15 
CH5 1765 8.18.14  5.31 5.96 97.4% 16.72 189.3 344 4 (+/- 1) 
CH6 1600 8.18.14 14:33 4.86 5.16 95.1% 15.06 190.1 353 4 (+/- 1) 
CH7 1580 8.18.14  4.00 3.69 94.4% 15.32 261.8 388 None 
CH-TRIB3 1560 8.18.14  0.62 7.45 88.0% 15.1 280 345 79 
CH8 1435 8.18.14 16:30  3.62 95.7% 15.36 275.6 402 None 
CH9 1290 8.18.14  3.84 3.61 94.6% 15.11 286.2 390 None 
CH9-DUP 1290 8.18.14         
CH10 1125 8.18.14 18:02 3.47 3.47 95.4% 14.03 325 458 None 
CH10-D 1125 8.18.14         
CH-TRIB4 1020 8.19.14 11:49  3.96 0.0% 7.32 298.7 383 None 
CH11 990 8.19.14  3.41 3.29 90.6% 14.29 312.4 482 None 
CH-TRIB5 860 8.19.14  0.52 3.03 80.2% 14.95 454.2 444 None 
CH12 830 8.19.14   3.28 82.6% 14.15 251.5 394 None 
CH13 710 8.19.14  1.41 3.35 93.0% 14.91 292.2 522 None 
CH14 590 8.19.14  1.45 3.25 74.0% 12.88 265.3 393 None 
CH-TRIB6 590 8.19.14   3.34 83.0% 11.05 312 459 None 
CH15 540 8.19.14   4.44 1.3% 8.74 225.3 368 None 
CH15-2 525 8.19.14   3.58 68.0% 18.1 256 393 None 
CH16 520 8.19.14   3.69 70.6% 13.38 172.9 436 None 
CH17 250 8.19.14   3.94 78.4% 13.11 104.3 446 None 
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7.2.2. ICP-AES Results, August 2014 
Sample No. 
Al As B Ba Be Ca Cd 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH1 (F) <0.05 <0.015 <0.01 0.04 <0.0005 34.3 <0.004 
CH1 (R) <0.05 <0.015 <0.01 0.04 <0.0005 34.2 <0.004 
CH2 (F) <0.05 <0.015 <0.01 0.04 <0.0005 33.8 <0.004 
CH2 (R) 0.10 <0.015 <0.01 0.04 <0.0005 33.1 <0.004 
CH3 (F) 0.05 <0.015 <0.01 0.05 <0.0005 27.6 <0.004 
CH3 (R) 0.59 <0.015 <0.01 0.05 <0.0005 27.1 <0.004 
CH4 (F) 0.24 <0.015 <0.01 0.06 <0.0005 23.5 <0.004 
CH4 (R) 1.38 <0.015 <0.01 0.06 <0.0005 22.8 <0.004 
CH5 (F) 1.26 <0.015 <0.01 0.06 <0.0005 19.5 <0.004 
CH5 (R) 2.67 <0.015 <0.01 0.06 0.00 20.2 <0.004 
CH6 (F) 2.98 <0.015 <0.01 0.06 0.00 17.7 <0.004 
CH6 (R) 3.67 <0.015 <0.01 0.06 0.00 17.6 <0.004 
CH7 (F) 4.58 <0.015 <0.01 0.06 0.00 13.1 <0.004 
CH7 (R) 4.62 <0.015 <0.01 0.06 0.00 12.8 <0.004 
CH8 (F) 4.70 <0.015 <0.01 0.06 0.00 12.4 <0.004 
CH8 (R) 4.68 <0.015 <0.01 0.06 0.00 12.3 <0.004 
CH9 (F) 4.81 <0.015 <0.01 0.06 0.00 11.7 <0.004 
CH9 (R) 4.73 <0.015 <0.01 0.06 0.00 11.9 <0.004 
CH9-DUP (F) 4.62 <0.015 <0.01 0.06 0.00 12.0 <0.004 
CH9-DUP (R) 4.68 <0.015 <0.01 0.06 0.00 11.8 <0.004 
CH10 (F) 5.15 <0.015 <0.01 0.06 0.00 10.2 <0.004 
CH10 (R) 5.19 <0.015 <0.01 0.06 0.00 10.2 <0.004 
CH11 (F) 5.08 <0.015 <0.01 0.06 0.00 9.68 <0.004 
CH11 (R) 5.04 <0.015 <0.01 0.06 0.00 9.43 <0.004 
CH12 (F) 4.08 <0.015 <0.01 0.08 0.00 9.61 <0.004 
CH12 (R) 4.06 <0.015 <0.01 0.08 0.00 9.76 <0.004 
CH13 (F) 4.11 <0.015 <0.01 0.07 0.00 8.04 <0.004 
CH13 (R) 4.19 <0.015 <0.01 0.07 0.00 7.94 <0.004 
CH14 (F) 4.30 <0.015 <0.01 0.06 0.00 7.32 <0.004 
CH14 (R) 4.35 <0.015 <0.01 0.06 0.00 7.22 <0.004 
CH15 (F) 7.10 <0.015 <0.01 0.03 0.00 8.18 0.005 
CH15-2 (F) 4.63 <0.015 <0.01 0.08 0.00 6.00 <0.004 
CH16 (F) 2.48 <0.015 <0.01 0.10 0.00 5.83 <0.004 
CH17 (F) 2.13 <0.015 <0.01 0.21 <0.0005 1.88 <0.004 
CH-TRIB1 (F) <0.05 <0.015 <0.01 0.01 <0.0005 33.4 <0.004 
CH-TRIB2 (F) <0.05 <0.015 <0.01 0.05 <0.0005 32.9 <0.004 
CH-TRIB3 (F) <0.05 <0.015 <0.01 0.06 <0.0005 39.4 <0.004 
CH-TRIB4 (F) 6.46 0.03 <0.01 0.01 0.00 10.7 <0.004 
CH-TRIB5 (F) 6.90 <0.015 <0.01 0.03 0.00 8.07 <0.004 
CH-TRIB5 (R) 6.94 <0.015 <0.01 0.03 0.00 8.05 <0.004 
CH-TRIB6 (F) 5.19 <0.015 <0.01 0.03 0.00 8.30 <0.004 
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ICP-AES Results, August 2014—Continued 
Sample No. 
Co Cr Cu Fe_r K Li Mg Mn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH1 (F) <0.005 <0.005 <0.005 <0.08 2.11 <0.05 4.70 <0.001 
CH1 (R) <0.005 <0.005 <0.005 <0.08 2.05 <0.05 4.73 0.00 
CH2 (F) <0.005 <0.005 <0.005 <0.08 2.67 <0.05 4.92 0.01 
CH2 (R) <0.005 <0.005 <0.005 <0.08 2.67 <0.05 4.90 0.02 
CH3 (F) <0.005 <0.005 <0.005 <0.08 3.19 <0.05 4.21 0.19 
CH3 (R) <0.005 <0.005 <0.005 <0.08 3.14 <0.05 4.13 0.20 
CH4 (F) <0.005 <0.005 <0.005 <0.08 4.25 <0.05 3.84 0.58 
CH4 (R) <0.005 <0.005 <0.005 0.16 4.02 <0.05 3.68 0.57 
CH5 (F) 0.01 <0.005 0.01 <0.08 4.48 <0.05 3.51 0.85 
CH5 (R) 0.01 <0.005 0.01 0.25 4.56 <0.05 3.59 0.85 
CH6 (F) 0.01 <0.005 0.01 0.12 4.93 <0.05 3.25 1.05 
CH6 (R) 0.01 <0.005 0.01 0.29 4.88 <0.05 3.21 1.05 
CH7 (F) 0.01 <0.005 0.01 0.57 5.81 <0.05 2.19 1.34 
CH7 (R) 0.01 <0.005 0.01 0.56 5.70 <0.05 2.14 1.32 
CH8 (F) 0.01 <0.005 0.01 0.98 5.84 <0.05 2.07 1.34 
CH8 (R) 0.01 <0.005 0.01 0.99 5.81 <0.05 2.06 1.32 
CH9 (F) 0.01 <0.005 0.01 1.55 5.85 <0.05 1.94 1.38 
CH9 (R) 0.01 <0.005 0.01 1.56 5.97 <0.05 1.98 1.37 
CH9-DUP (F) 0.01 <0.005 0.01 1.55 5.96 <0.05 1.98 1.35 
CH9-DUP (R) 0.01 <0.005 0.01 1.57 5.88 <0.05 1.95 1.36 
CH10 (F) 0.01 <0.005 0.01 3.96 6.25 <0.05 1.71 1.38 
CH10 (R) 0.01 <0.005 0.01 4.02 6.31 <0.05 1.73 1.37 
CH11 (F) 0.01 <0.005 0.01 2.74 5.87 <0.05 1.61 1.34 
CH11 (R) 0.01 <0.005 0.01 2.71 5.76 <0.05 1.58 1.33 
CH12 (F) 0.01 <0.005 0.01 1.37 4.75 <0.05 1.52 1.30 
CH12 (R) 0.01 <0.005 0.01 1.41 4.85 <0.05 1.55 1.30 
CH13 (F) 0.01 <0.005 0.01 4.31 5.05 <0.05 1.32 1.15 
CH13 (R) 0.01 <0.005 0.01 4.38 4.99 <0.05 1.31 1.14 
CH14 (F) 0.01 <0.005 <0.005 4.20 5.23 <0.05 1.24 1.09 
CH14 (R) 0.01 <0.005 <0.005 4.08 5.15 <0.05 1.22 1.11 
CH15 (F) 0.01 <0.005 <0.005 19.0 6.60 <0.05 1.54 1.49 
CH15-2 (F) 0.01 <0.005 <0.005 8.04 5.48 <0.05 1.20 1.03 
CH16 (F) <0.005 <0.005 0.01 3.18 3.95 <0.05 0.91 0.63 
CH17 (F) <0.005 <0.005 0.02 1.77 3.18 <0.05 0.68 0.17 
CH-TRIB1 (F) <0.005 <0.005 <0.005 <0.08 <0.5 <0.05 3.94 <0.001 
CH-TRIB2 (F) <0.005 <0.005 <0.005 <0.08 0.69 <0.05 3.90 <0.001 
CH-TRIB3 (F) <0.005 <0.005 <0.005 <0.08 1.21 <0.05 7.98 <0.001 
CH-TRIB4 (F) 0.01 <0.005 <0.005 32.6 8.16 <0.05 1.84 1.68 
CH-TRIB5 (F) 0.01 <0.005 0.02 1.83 7.75 <0.05 1.51 1.25 
CH-TRIB5 (R) 0.01 <0.005 0.02 1.91 7.77 <0.05 1.51 1.26 
CH-TRIB6 (F) 0.01 <0.005 <0.005 5.30 6.53 <0.05 1.54 1.37 
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ICP-AES Results, August 2014—Continued 
Sample No. 
Mo Na Ni P Pb S Sb Se 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH1 (F) <0.005 4.49 <0.01 <0.06 <0.05 20.3 <0.05 <0.05 
CH1 (R) <0.005 4.54 <0.01 <0.06 <0.05 20.2 <0.05 <0.05 
CH2 (F) <0.005 4.80 <0.01 <0.06 <0.05 24.1 <0.05 <0.05 
CH2 (R) <0.005 4.79 <0.01 <0.06 <0.05 24.6 <0.05 <0.05 
CH3 (F) <0.005 4.48 <0.01 <0.06 <0.05 24.0 <0.05 <0.05 
CH3 (R) <0.005 4.40 <0.01 <0.06 <0.05 24.2 <0.05 <0.05 
CH4 (F) <0.005 4.46 <0.01 <0.06 <0.05 27.8 <0.05 <0.05 
CH4 (R) <0.005 4.23 <0.01 <0.06 <0.05 28.0 <0.05 <0.05 
CH5 (F) <0.005 4.18 <0.01 <0.06 0.08 28.6 <0.05 <0.05 
CH5 (R) <0.005 4.28 <0.01 <0.06 0.09 29.5 <0.05 <0.05 
CH6 (F) <0.005 4.08 <0.01 <0.06 0.11 29.7 <0.05 <0.05 
CH6 (R) <0.005 4.06 <0.01 <0.06 0.11 29.9 <0.05 <0.05 
CH7 (F) <0.005 3.57 <0.01 <0.06 0.16 30.3 <0.05 <0.05 
CH7 (R) <0.005 3.51 <0.01 <0.06 0.16 30.9 <0.05 <0.05 
CH8 (F) <0.005 3.51 <0.01 <0.06 0.17 31.1 <0.05 <0.05 
CH8 (R) <0.005 3.51 <0.01 <0.06 0.17 31.3 <0.05 <0.05 
CH9 (F) <0.005 3.48 <0.01 <0.06 0.17 31.2 <0.05 <0.05 
CH9 (R) <0.005 3.54 <0.01 <0.06 0.18 32.3 <0.05 <0.05 
CH9-DUP (F) <0.005 3.54 <0.01 <0.06 0.17 31.5 <0.05 <0.05 
CH9-DUP (R) <0.005 3.50 <0.01 <0.06 0.17 31.6 <0.05 <0.05 
CH10 (F) <0.005 3.55 <0.01 <0.06 0.20 33.6 <0.05 <0.05 
CH10 (R) <0.005 3.58 <0.01 <0.06 0.20 33.8 <0.05 <0.05 
CH11 (F) <0.005 3.44 <0.01 <0.06 0.24 31.8 <0.05 <0.05 
CH11 (R) <0.005 3.37 <0.01 <0.06 0.24 31.7 <0.05 <0.05 
CH12 (F) <0.005 3.10 <0.01 <0.06 0.41 25.7 <0.05 <0.05 
CH12 (R) <0.005 3.15 <0.01 <0.06 0.41 26.4 <0.05 <0.05 
CH13 (F) <0.005 3.05 <0.01 <0.06 0.31 27.7 <0.05 <0.05 
CH13 (R) <0.005 3.02 <0.01 <0.06 0.31 28.4 <0.05 <0.05 
CH14 (F) <0.005 3.02 <0.01 <0.06 0.29 26.2 <0.05 <0.05 
CH14 (R) <0.005 2.99 <0.01 <0.06 0.29 26.3 <0.05 <0.05 
CH15 (F) <0.005 3.56 <0.01 <0.06 0.22 35.3 <0.05 <0.05 
CH15-2 (F) <0.005 3.02 <0.01 <0.06 0.36 27.1 <0.05 <0.05 
CH16 (F) <0.005 2.40 <0.01 <0.06 0.39 17.4 <0.05 <0.05 
CH17 (F) <0.005 1.69 <0.01 <0.06 1.39 10.9 <0.05 <0.05 
CH-TRIB1 (F) <0.005 3.66 <0.01 <0.06 <0.05 3.61 <0.05 <0.05 
CH-TRIB2 (F) <0.005 3.35 <0.01 <0.06 <0.05 6.19 <0.05 <0.05 
CH-TRIB3 (F) <0.005 5.92 <0.01 <0.06 <0.05 24.1 <0.05 <0.05 
CH-TRIB4 (F) <0.005 3.98 <0.01 <0.06 <0.05 48.8 <0.05 <0.05 
CH-TRIB5 (F) <0.005 3.85 <0.01 <0.06 <0.05 39.8 <0.05 <0.05 
CH-TRIB5 (R) <0.005 3.87 <0.01 <0.06 <0.05 40.4 <0.05 <0.05 
CH-TRIB6 (F) <0.005 3.55 <0.01 <0.06 0.12 31.1 <0.05 <0.05 
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ICP-AES Results, August 2014—Continued 
Sample No. 
Si Si_r Sn Sr Ti Tl V Zn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH1 (F) 9.84 9.43 <0.01 0.53 <0.01 <0.1 <0.01 0.00 
CH1 (R) 9.73 9.38 <0.01 0.53 <0.01 <0.1 <0.01 0.00 
CH2 (F) 11.6 11.5 <0.01 0.51 <0.01 <0.1 <0.01 0.01 
CH2 (R) 11.7 11.5 <0.01 0.51 <0.01 <0.1 <0.01 0.02 
CH3 (F) 13.5 13.3 <0.01 0.52 <0.01 <0.1 <0.01 0.06 
CH3 (R) 14.0 13.4 <0.01 0.51 <0.01 <0.1 <0.01 0.07 
CH4 (F) 17.4 17.0 <0.01 0.44 <0.01 <0.1 <0.01 0.19 
CH4 (R) 17.4 16.7 <0.01 0.43 <0.01 <0.1 <0.01 0.19 
CH5 (F) 19.4 18.4 <0.01 0.42 <0.01 <0.1 <0.01 0.26 
CH5 (R) 19.8 19.2 <0.01 0.43 <0.01 <0.1 <0.01 0.26 
CH6 (F) 21.1 20.5 <0.01 0.37 <0.01 <0.1 <0.01 0.31 
CH6 (R) 21.3 20.5 <0.01 0.37 <0.01 <0.1 <0.01 0.30 
CH7 (F) 24.4 24.0 <0.01 0.24 <0.01 <0.1 <0.01 0.37 
CH7 (R) 24.2 23.6 <0.01 0.24 <0.01 <0.1 <0.01 0.37 
CH8 (F) 24.6 24.0 <0.01 0.22 <0.01 <0.1 <0.01 0.37 
CH8 (R) 24.4 23.9 <0.01 0.22 <0.01 <0.1 <0.01 0.37 
CH9 (F) 25.0 24.0 <0.01 0.22 <0.01 <0.1 <0.01 0.37 
CH9 (R) 24.8 24.4 <0.01 0.22 <0.01 <0.1 <0.01 0.38 
CH9-DUP (F) 24.3 24.5 <0.01 0.22 <0.01 <0.1 <0.01 0.37 
CH9-DUP (R) 24.6 24.1 <0.01 0.22 <0.01 <0.1 <0.01 0.37 
CH10 (F) 25.7 25.3 <0.01 0.20 <0.01 <0.1 <0.01 0.40 
CH10 (R) 25.7 25.5 <0.01 0.20 <0.01 <0.1 <0.01 0.39 
CH11 (F) 26.1 25.5 <0.01 0.22 <0.01 <0.1 <0.01 0.40 
CH11 (R) 26.0 25.0 <0.01 0.21 <0.01 <0.1 <0.01 0.40 
CH12 (F) 24.0 23.2 <0.01 0.27 <0.01 <0.1 <0.01 0.39 
CH12 (R) 23.9 23.6 <0.01 0.27 <0.01 <0.1 <0.01 0.39 
CH13 (F) 24.6 23.9 <0.01 0.25 <0.01 <0.1 <0.01 0.41 
CH13 (R) 24.5 23.6 <0.01 0.24 <0.01 <0.1 <0.01 0.41 
CH14 (F) 25.0 24.8 <0.01 0.19 <0.01 <0.1 <0.01 0.45 
CH14 (R) 25.4 24.5 <0.01 0.18 <0.01 <0.1 <0.01 0.44 
CH15 (F) 27.2 26.7 <0.01 0.19 <0.01 <0.1 <0.01 0.83 
CH15-2 (F) 26.9 26.1 <0.01 0.14 <0.01 <0.1 <0.01 0.51 
CH16 (F) 23.5 22.9 <0.01 0.13 <0.01 <0.1 <0.01 0.16 
CH17 (F) 22.7 22.0 <0.01 0.05 <0.01 <0.1 <0.01 0.16 
CH-TRIB1 (F) 4.96 4.81 <0.01 0.56 <0.01 <0.1 <0.01 <0.001 
CH-TRIB2 (F) 5.96 5.76 <0.01 0.52 <0.01 <0.1 <0.01 <0.001 
CH-TRIB3 (F) 6.53 6.44 <0.01 0.68 <0.01 <0.1 <0.01 <0.001 
CH-TRIB4 (F) 26.0 25.6 <0.01 0.11 <0.01 <0.1 0.02 0.45 
CH-TRIB5 (F) 30.5 29.8 <0.01 0.13 <0.01 <0.1 <0.01 0.45 
CH-TRIB5 (R) 30.8 29.9 <0.01 0.13 <0.01 <0.1 <0.01 0.44 
CH-TRIB6 (F) 26.1 25.7 <0.01 0.22 <0.01 <0.1 <0.01 0.62 
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7.2.3. ICP-MS Results, August 2014 
Sample No. 
7Li 9Be 11B 27Al 31P 49Ti 51V 52Cr 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 (F) 11.3 < 0.2 7.34 11.4 7.35 13.6 < 0.5 < 0.2 
CH2 (F) 12.4 < 0.2 7.17 21.9 < 5.0 13.3 < 0.5 < 0.2 
CH3 (F) 12.3 < 0.2 5.43 69.9 < 5.0 10.8 < 0.5 < 0.2 
CH4(F) 13.1 0.20 4.23 192 < 5.0 8.47 < 0.5 < 0.2 
CH5 (F) 14.2 0.34 3.55 871 < 5.0 7.43 < 0.5 < 0.2 
CH6 (F) 13.8 0.43 2.65 1940 < 5.0 6.56 < 0.5 < 0.2 
CH6 (R) 14.0 0.47 2.46 2390 < 5.0 6.49 < 0.5 < 0.2 
CH7 (F) 14.8 0.52 1.31 2980 < 5.0 5.27 < 0.5 < 0.2 
CH8 (F) 14.4 0.53 1.35 2950 < 5.0 5.08 < 0.5 < 0.2 
CH9 (F) 14.2 0.51 1.24 2940 < 5.0 4.97 < 0.5 < 0.2 
CH9-DUP (F) 14.3 0.52 1.17 2970 < 5.0 4.60 < 0.5 < 0.2 
CH10 (F) 14.4 0.52 0.94 3170 < 5.0 4.59 < 0.5 < 0.2 
CH11 (F) 15.2 0.52 0.78 3120 < 5.0 3.98 < 0.5 < 0.2 
CH12 (F) 19.2 0.63 1.03 2590 < 5.0 4.00 < 0.5 < 0.2 
CH13 (F) 19.8 0.61 0.48 2620 < 5.0 3.31 < 0.5 < 0.2 
CH13 (R) 20.0 0.63 0.57 2660 < 5.0 3.55 < 0.5 < 0.2 
CH14 (F) 20.5 0.64 0.92 2750 < 5.0 3.35 < 0.5 < 0.2 
CH14 (R) 20.1 0.61 0.48 2720 < 5.0 3.15 < 0.5 < 0.2 
CH15 (F) 25.7 0.79 < 0.2 4340 < 5.0 3.64 5.70 < 0.2 
CH15-2 (F) 20.6 0.50 < 0.2 2860 < 5.0 2.56 < 0.5 < 0.2 
CH16 (F) 15.5 0.48 0.91 1630 < 5.0 2.25 < 0.5 < 0.2 
CH17 (F) 12.4 < 0.2 0.42 1400 < 5.0 1.19 < 0.5 < 0.2 
CH-TRIB1 (F) 8.19 < 0.2 5.35 0.61 14.5 19.0 0.570 < 0.2 
CH-TRIB2 (F) 4.96 < 0.2 4.43 1.08 23.3 21.2 < 0.5 < 0.2 
CH-TRIB3 (F) 9.85 < 0.2 8.78 1.05 18.2 24.6 < 0.5 < 0.2 
CH-TRIB4 (F) 10.3 0.47 < 0.2 4050 24.0 5.67 10.3 < 0.2 
CH-TRIB5 (F) 8.91 0.33 < 0.2 3850 < 5.0 3.66 < 0.5 < 0.2 
CH-TRIB5 (R) 9.15 0.34 < 0.2 3990 < 5.0 3.91 < 0.5 < 0.2 
CH-TRIB6 (F) 24.0 0.63 0.583 3220 < 5.0 3.39 < 0.5 < 0.2 
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ICP-MS Results, August 2014--Continued 
Sample No. 
55Mn 56Fe 59Co 60Ni 63Cu 66Zn 71Ga 75As 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 (F) < 2.0 < 5.0 < 0.5 < 0.5 < 1.0 4.36 1.65 0.260 
CH2 (F) 7.08 < 5.0 < 0.5 < 0.5 < 1.0 11.8 1.78 < 0.2 
CH3 (F) 151 < 5.0 0.93 1.21 < 1.0 55.5 1.99 < 0.2 
CH4(F) 418 < 5.0 3.18 2.58 1.17 157 2.24 < 0.2 
CH5 (F) 617 30.0 4.83 3.55 3.67 219 2.45 < 0.2 
CH6 (F) 744 60.7 5.88 4.07 5.36 252 2.48 < 0.2 
CH6 (R) 734 209 5.82 4.11 5.40 251 2.47 < 0.2 
CH7 (F) 939 419 7.56 4.99 7.49 316 2.49 < 0.2 
CH8 (F) 903 717 7.19 4.72 7.08 298 2.34 < 0.2 
CH9 (F) 921 1150 7.41 4.82 7.17 306 2.30 < 0.2 
CH9-DUP (F) 909 1140 7.33 4.70 6.86 299 2.28 < 0.2 
CH10 (F) 905 2990 7.54 5.03 6.99 318 2.13 0.62 
CH11 (F) 884 2020 7.10 4.51 8.20 324 2.37 0.78 
CH12 (F) 886 1020 5.67 3.53 5.57 316 3.12 < 0.2 
CH13 (F) 760 3320 4.73 3.33 3.32 326 2.67 < 0.2 
CH13 (R) 774 3470 4.78 3.35 3.56 332 2.79 < 0.2 
CH14 (F) 740 3220 4.70 3.15 2.36 364 2.37 < 0.2 
CH14 (R) 731 3170 4.67 3.10 2.23 359 2.36 < 0.2 
CH15 (F) 965 14300 6.91 4.76 < 1.0 628 1.14 1.01 
CH15-2 (F) 668 6040 4.82 3.46 1.32 405 3.09 0.30 
CH16 (F) 432 2440 2.53 1.84 4.44 139 4.04 < 0.2 
CH17 (F) 117 1350 2.17 2.09 14.1 135 8.30 0.23 
CH-TRIB1 (F) < 2.0 < 5.0 < 0.5 < 0.5 < 1.0 < 1.0 0.56 0.38 
CH-TRIB2 (F) < 2.0 < 5.0 < 0.5 < 0.5 < 1.0 1.0 1.96 0.25 
CH-TRIB3 (F) < 2.0 < 5.0 < 0.5 < 0.5 < 1.0 < 1.0 2.51 0.54 
CH-TRIB4 (F) 1120 25100 9.76 6.23 < 1.0 365 0.49 22.2 
CH-TRIB5 (F) 769 1250 9.04 5.94 15.8 345 1.19 < 0.2 
CH-TRIB5 (R) 780 1360 9.07 6.07 16.1 349 1.20 < 0.2 
CH-TRIB6 (F) 901 3450 5.86 4.00 < 1.0 502 1.32 < 0.2 
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ICP-MS Results, August 2014--Continued 
Sample No. 
82Se 85Rb 88Sr 90Zr 93Nb 98Mo 105Pd 107Ag 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 (F) < 0.2 7.26 574 < 0.5 < 0.5 0.63 < 0.5 < 0.2 
CH2 (F) < 0.2 10.6 555 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH3 (F) < 0.2 16.7 578 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH4(F) < 0.2 23.2 471 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH5 (F) < 0.2 26.9 460 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH6 (F) < 0.2 30.3 401 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH6 (R) < 0.2 30.1 397 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH7 (F) < 0.2 38.2 274 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH8 (F) < 0.2 36.7 241 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH9 (F) < 0.2 37.9 238 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH9-DUP (F) < 0.2 37.1 236 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH10 (F) < 0.2 39.0 218 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH11 (F) < 0.2 36.7 230 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH12 (F) < 0.2 29.6 290 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH13 (F) < 0.2 31.3 258 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH13 (R) < 0.2 31.5 264 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH14 (F) < 0.2 32.2 196 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH14 (R) < 0.2 32.1 197 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH15 (F) < 0.2 40.6 193 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH15-2 (F) < 0.2 33.1 144 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH16 (F) < 0.2 23.1 141 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH17 (F) < 0.2 16.2 56.8 0.54 < 0.5 < 0.5 < 0.5 < 0.2 
CH-TRIB1 (F) < 0.2 < 0.5 604 < 0.5 < 0.5 1.10 < 0.5 < 0.2 
CH-TRIB2 (F) < 0.2 0.87 556 < 0.5 < 0.5 0.54 < 0.5 < 0.2 
CH-TRIB3 (F) < 0.2 1.62 718 < 0.5 < 0.5 0.69 < 0.5 < 0.2 
CH-TRIB4 (F) < 0.2 50.8 120 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH-TRIB5 (F) < 0.2 48.7 134 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH-TRIB5 (R) < 0.2 49.1 135 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
CH-TRIB6 (F) < 0.2 40.1 226 < 0.5 < 0.5 < 0.5 < 0.5 < 0.2 
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ICP-MS Results, August 2014--Continued 
Sample No. 
111Cd 118Sn 121Sb 133Cs 137Ba 139La 140Ce 141Pr 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 (F) < 0.2 < 0.5 < 0.2 < 0.5 39.5 < 0.2 < 0.2 < 0.2 
CH2 (F) < 0.2 < 0.5 < 0.2 < 0.5 43.4 < 0.2 < 0.2 < 0.2 
CH3 (F) 0.29 < 0.5 < 0.2 0.73 48.3 < 0.2 < 0.2 < 0.2 
CH4(F) 0.68 < 0.5 < 0.2 1.36 56.4 1.18 1.59 < 0.2 
CH5 (F) 1.01 < 0.5 < 0.2 1.89 61.3 2.33 3.63 0.43 
CH6 (F) 1.13 < 0.5 < 0.2 2.34 60.7 2.92 4.67 0.53 
CH6 (R) 1.19 < 0.5 < 0.2 2.36 61.3 2.95 4.79 0.56 
CH7 (F) 1.44 < 0.5 < 0.2 3.19 64.2 4.04 6.59 0.76 
CH8 (F) 1.35 < 0.5 < 0.2 3.12 58.8 3.84 6.33 0.73 
CH9 (F) 1.32 < 0.5 < 0.2 3.16 58.4 3.93 6.49 0.74 
CH9-DUP (F) 1.31 < 0.5 < 0.2 3.11 57.8 3.87 6.42 0.73 
CH10 (F) 1.29 < 0.5 < 0.2 3.35 52.6 3.80 6.42 0.74 
CH11 (F) 1.51 < 0.5 < 0.2 3.06 59.8 4.34 7.04 0.80 
CH12 (F) 2.02 < 0.5 < 0.2 1.72 76.4 6.42 9.82 1.03 
CH13 (F) 1.96 < 0.5 < 0.2 1.82 67.9 6.20 9.56 0.99 
CH13 (R) 1.94 < 0.5 < 0.2 1.86 71.8 6.41 9.80 1.01 
CH14 (F) 2.17 < 0.5 < 0.2 1.97 60.0 4.54 7.21 0.78 
CH14 (R) 2.12 < 0.5 < 0.2 1.99 61.0 4.55 7.29 0.77 
CH15 (F) 4.81 < 0.5 < 0.2 2.53 29.6 4.21 6.94 0.77 
CH15-2 (F) 2.78 < 0.5 < 0.2 2.03 80.5 4.36 6.75 0.71 
CH16 (F) 0.89 < 0.5 < 0.2 1.26 103 4.44 6.50 0.64 
CH17 (F) 2.88 < 0.5 < 0.2 0.51 206 8.15 11.0 1.03 
CH-TRIB1 (F) < 0.2 < 0.5 < 0.2 < 0.5 13.3 < 0.2 < 0.2 < 0.2 
CH-TRIB2 (F) < 0.2 < 0.5 < 0.2 < 0.5 47.2 < 0.2 < 0.2 < 0.2 
CH-TRIB3 (F) < 0.2 < 0.5 < 0.2 < 0.5 61.9 < 0.2 < 0.2 < 0.2 
CH-TRIB4 (F) < 0.2 < 0.5 < 0.2 5.26 13.0 1.10 2.54 0.38 
CH-TRIB5 (F) 1.29 < 0.5 < 0.2 5.62 29.9 1.85 3.84 0.54 
CH-TRIB5 (R) 1.34 < 0.5 < 0.2 5.70 31.7 1.91 4.01 0.57 
CH-TRIB6 (F) 2.58 < 0.5 < 0.2 2.41 34.2 3.44 5.54 0.62 
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ICP-MS Results, August 2014--Continued 
Sample No. 
146Nd 182W 205Tl 207Pb 232Th 238U 
μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 (F) < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 1.32 
CH2 (F) < 0.2 < 0.2 0.31 < 0.2 < 0.2 0.54 
CH3 (F) < 0.2 < 0.2 0.77 1.48 < 0.2 0.53 
CH4(F) 0.65 < 0.2 1.39 18.3 < 0.2 0.53 
CH5 (F) 1.60 < 0.2 1.96 82.5 < 0.2 0.86 
CH6 (F) 2.12 < 0.2 2.36 116 < 0.2 1.24 
CH6 (R) 2.20 < 0.2 2.39 122 < 0.2 1.31 
CH7 (F) 2.99 < 0.2 3.15 184 < 0.2 1.69 
CH8 (F) 2.88 < 0.2 3.02 186 < 0.2 1.63 
CH9 (F) 2.87 < 0.2 3.06 188 < 0.2 1.63 
CH9-DUP (F) 2.89 < 0.2 3.04 188 < 0.2 1.63 
CH10 (F) 2.99 < 0.2 3.12 204 < 0.2 1.68 
CH11 (F) 3.18 < 0.2 3.13 248 < 0.2 2.03 
CH12 (F) 3.70 < 0.2 2.50 421 < 0.2 1.96 
CH13 (F) 3.43 < 0.2 2.14 317 < 0.2 1.69 
CH13 (R) 3.57 < 0.2 2.18 325 < 0.2 1.75 
CH14 (F) 2.82 < 0.2 2.48 305 < 0.2 1.60 
CH14 (R) 2.82 < 0.2 2.45 307 < 0.2 1.60 
CH15 (F) 2.89 < 0.2 4.17 233 < 0.2 3.91 
CH15-2 (F) 2.50 < 0.2 2.61 375 < 0.2 2.55 
CH16 (F) 2.22 < 0.2 0.91 411 < 0.2 0.69 
CH17 (F) 3.25 < 0.2 1.42 1400 < 0.2 1.28 
CH-TRIB1 (F) < 0.2 < 0.2 < 0.2 0.23 < 0.2 3.98 
CH-TRIB2 (F) < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 1.02 
CH-TRIB3 (F) < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 0.82 
CH-TRIB4 (F) 2.04 < 0.2 3.14 0.46 < 0.2 < 0.2 
CH-TRIB5 (F) 2.48 < 0.2 4.72 19.3 < 0.2 2.84 
CH-TRIB5 (R) 2.60 < 0.2 4.81 20.3 < 0.2 2.95 
CH-TRIB6 (F) 2.28 < 0.2 3.60 130 < 0.2 1.62 
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7.2.4. IC Results, August 2014 
Sample No. 
F Cl NO2-N SO4 NO3-N PO4-P 
mg/L mg/L mg/L mg/L mg/L mg/L 
CH1 0.79 <0.3 <0.05 55.7 <0.125 <0 
CH2 1.0 <0.3 <0.05 67.2 <0.125 <0 
CH3 1.2 <0.3 <0.05 67.0 <0.125 <0 
CH4 1.6 <0.3 <0.05 75.6 <0.125 <0 
CH5 1.9 <0.3 <0.05 79.4 <0.125 <0 
CH6 2.2 <0.3 <0.05 82.2 <0.125 <0 
CH7 2.7 <0.3 <0.05 86.6 <0.125 <0 
CH8 2.7 <0.3 <0.05 88.0 <0.125 <0 
CH9 2.7 <0.3 <0.05 88.9 <0.125 <0 
CH9-DUP 2.6 <0.3 <0.05 88.1 <0.125 <0 
CH10 2.8 <0.3 <0.05 94.7 <0.125 <0 
CH11 2.8 0.30 <0.05 87.7 <0.125 <0 
CH12 3.2 <0.3 <0.05 72.5 <0.125 <0 
CH13 3.4 0.31 <0.05 78.5 <0.125 <0 
CH14 3.5 0.30 <0.05 73.5 <0.125 <0 
CH15 5.3 0.33 <0.05 99.4 <0.125 <0 
CH16 2.1 <0.3 <0.05 49.3 <0.125 <0 
CH17 0.91 <0.3 <0.05 31.0 <0.125 <0 
CH-TRIB1 0.11 <0.3 <0.05 10.1 0.15 <0 
CH-TRIB2 0.26 <0.3 <0.05 17.4 <0.125 <0 
CH-TRIB3 0.24 <0.3 <0.05 68.7 <0.125 <0 
CH-TRIB4 3.1 0.31 <0.05 128.7 <0.125 <0 
CH-TRIB5 2.2 0.34 <0.05 113.0 <0.125 <0 
CH-TRIB6 4.3 0.41 <0.05 87.7 <0.125 <0 
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7.3. May 2015 Data 
7.3.1. Field Data, May 2015 
Sample No. 
Distance  
Downstream (m) 
Date Time Flow 
(L/s) 
pH LDO 
(%) 
Temp 
(°C) 
SC 
(μS/cm) 
ORP 
(mV) 
Alkalinity 
(mg/L CaCO3) 
CH0 3175 5/31/2015 9:31 82.90 7.48 105.2% 8.06 175.2 459 NM 
CH1 1930 5/29/2015 10:18 36.20 7.18 101.5% 6.92 146.9 394 32.5 
CH1-TRIB 1960 5/29/2015 11:11 15.03 7.7 103.2% 5.54 125.5 406 55.6 
CH2 1765 5/29/2015 11:42 39.99 6.85 101.3% 7.07 130.8 417 22.8 
CH3 1595 5/29/2015 12:20 36.61 6.47 102% 7.08   418 17.9 
CH4 1560 5/29/2015 12:15 18.24 5.43 102% 6.99 109 425 5 
CH5 1580 5/29/2015 12:30 18.33 7.13 102.9% 7.09 145 428 42.9 
CH6 1125 5/29/2015 13:22 19.67 4.79 102.1% 7.1 111.3 423 approx. 1 
CH7 990 5/29/2015 13:55 16.51 3.95 97.5% 7.15 110.6 430 NM 
CH8 860 5/29/2015 14:10 2.67 2.99 98.9% 7.97 338.6 472 NM 
CH9 830 5/29/2015 14:10 10.26 5.29 99.6% 7.23 87.5 424 approx. 1 
CH10 710 5/29/2015 14:49 4.73 3.55 93.8% 8.66 141.5 448 NM 
CH11-Bottom 540 5/29/2015 15:34  3.24 98.2% 13.23 270.8 451 NM 
CH11-Top 525 5/29/2015 15:36  4.24 2.4% 7.69 235.2 434 NM 
CH12 310 5/29/2015 15:49  3.86 49.2% 10.2 78.2 437 NM 
CH13 220 5/29/2015 16:00  3.79 96.4% 6.88 76.7 452 NM 
CH14 0 5/29/2015 16:22  3.89 33.7% 5.95 93.1 445 NM 
CH15 0 5/29/2015 16:44  3.74 15.6% 5.67 100.8 445 NM 
CH16 0 5/29/2015 16:58  4.42 100.6% 5.4 28.1 427 NM 
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7.3.2. ICP-MS Results, May 2015 
Sample No. 
7Li 9Be 11B 27Al 31P 49Ti 51V 52Cr 55Mn 56Fe 59Co 60Ni 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH0 (F) 6.31 < 0.2 6.22 30.2 12.5 20.6 < 0.5 < 0.2 16.3 < 5 < 0.5 < 0.5 
CH0 (R) 6.07 < 0.2 5.97 331 11.2 23.9 0.517 < 0.2 17.7 201 < 0.5 < 0.5 
CH0-DUP (F) 5.65 < 0.2 4.93 25.1 < 5 21.4 < 0.5 < 0.2 14.5 < 5 < 0.5 < 0.5 
CH0-DUP (R) 6.22 < 0.2 5.76 323 12.9 22.8 < 0.5 < 0.2 17.7 195 < 0.5 < 0.5 
CH1 (F) 5.35 < 0.2 4.22 38.4 < 5 16.6 < 0.5 < 0.2 122 65.6 1.01 0.865 
CH1 (R) 5.12 < 0.2 3.94 529 8.0 16.6 < 0.5 < 0.2 118 352 1.00 0.970 
CH2 (F) 4.74 < 0.2 3.44 47.4 < 5 13.1 < 0.5 0.95 144 168 1.24 1.03 
CH2 (R) 4.91 < 0.2 3.59 641 7.8 15.0 < 0.5 < 0.2 151 464 1.30 1.16 
CH3 (F) 4.89 < 0.2 3.43 95.5 < 5 12.3 < 0.5 < 0.2 179 386 1.57 1.17 
CH3 (R) 4.53 < 0.2 3.68 969 11.2 18.1 < 0.5 < 0.2 180 691 1.57 1.42 
CH4 (F) 5.92 < 0.2 2.64 607 < 5 9.14 < 0.5 < 0.2 316 790 2.71 1.96 
CH4 (R) 5.89 < 0.2 2.49 1200 < 5 9.5 < 0.5 < 0.2 323 1210 2.77 2.02 
CH6 (F) 6.14 0.206 2.24 1322 < 5 6.88 < 0.5 < 0.2 358 1340 3.10 2.21 
CH6 (R) 6.29 0.211 2.26 1457 < 5 7.2 0.57 < 0.2 361 1770 3.25 2.30 
CH7 (R) 7.06 0.243 2.42 1508 < 5 7.0 < 0.5 < 0.2 340 820 3.14 2.23 
CH7(F) 6.52 0.227 2.21 1288 < 5 5.94 < 0.5 < 0.2 321 346 2.95 2.07 
CH8 (F) 4.76 < 0.2 1.65 3078 < 5 5.12 < 0.5 < 0.2 544 1310 6.44 4.51 
CH9 (F) 6.91 0.223 2.27 886 < 5 6.59 < 0.5 < 0.2 272 216 2.33 1.67 
CH9 (R) 7.09 0.237 2.25 1065 < 5 6.5 < 0.5 < 0.2 274 626 2.38 1.67 
CH10 (F) 8.46 0.292 2.05 1374 < 5 4.17 < 0.5 < 0.2 321 963 2.94 2.07 
CH12 (F) 5.47 < 0.2 2.60 1056 < 5 1.85 < 0.5 < 0.2 136 490 1.84 1.63 
CH13 (F) 6.77 < 0.2 1.76 1035 < 5 1.46 < 0.5 < 0.2 92.5 303 1.60 1.51 
CH14 (F) 9.93 < 0.2 1.50 1617 < 5 1.56 0.629 < 0.2 57.5 994 2.26 2.16 
CH15 (F) 2.38 < 0.2 1.29 1925 < 5 1.26 < 0.5 < 0.2 54.1 391 1.85 1.89 
CH1-TRIB (F) < 0.5 < 0.2 2.92 1.1 14.3 14.8 < 0.5 < 0.2 < 2 < 5 < 0.5 < 0.5 
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ICP-MS Results, May 2015--Continued 
Sample No. 
63Cu 66Zn 71Ga 75As 82Se 85Rb 88Sr 90Zr 93Nb 98Mo 105Pd 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH0 (F) < 1 3.96 1.24 0.24 < 0.2 3.38 357 < 0.5 < 0.5 1.21 < 0.5 
CH0 (R) 1.19 10.7 1.37 0.36 < 0.2 3.88 363 < 0.5 < 0.5 < 0.5 < 0.5 
CH0-DUP (F) < 1 5.08 1.15 0.25 < 0.2 3.25 349 < 0.5 < 0.5 < 0.5 < 0.5 
CH0-DUP (R) 1.10 10.3 1.35 0.35 0.42 3.70 359 0.716 < 0.5 < 0.5 < 0.5 
CH1 (F) < 1 42.6 1.56 < 0.2 < 0.2 6.05 259 < 0.5 < 0.5 < 0.5 < 0.5 
CH1 (R) 1.57 48.2 1.58 0.46 < 0.2 6.36 257 < 0.5 < 0.5 < 0.5 < 0.5 
CH2 (F) < 1 52.9 1.64 0.21 < 0.2 6.65 238 < 0.5 < 0.5 < 0.5 < 0.5 
CH2 (R) 1.89 60.4 1.76 0.49 < 0.2 7.04 244 < 0.5 < 0.5 < 0.5 < 0.5 
CH3 (F) 1.17 68.9 1.78 0.27 < 0.2 7.36 217 < 0.5 < 0.5 < 0.5 < 0.5 
CH3 (R) 2.33 69.0 1.93 0.56 < 0.2 7.75 210 < 0.5 < 0.5 < 0.5 < 0.5 
CH4 (F) 2.32 128 2.05 0.26 < 0.2 12.4 151 < 0.5 < 0.5 < 0.5 < 0.5 
CH4 (R) 2.82 131 2.13 0.58 < 0.2 13.0 155 < 0.5 < 0.5 < 0.5 < 0.5 
CH6 (F) 3.36 150 2.29 0.54 < 0.2 13.8 140 < 0.5 < 0.5 < 0.5 < 0.5 
CH6 (R) 3.64 152 2.34 0.89 < 0.2 14.0 142 < 0.5 < 0.5 < 0.5 < 0.5 
CH7 (R) 4.81 162 2.76 < 0.2 < 0.2 13.3 155 < 0.5 < 0.5 < 0.5 < 0.5 
CH7(F) 6.73 156 2.61 < 0.2 < 0.2 12.7 143 < 0.5 < 0.5 < 0.5 < 0.5 
CH8 (F) 15.7 240 1.56 0.26 < 0.2 27.4 75.4 < 0.5 < 0.5 < 0.5 < 0.5 
CH9 (F) 2.36 141 2.93 < 0.2 < 0.2 10.4 160 < 0.5 < 0.5 < 0.5 < 0.5 
CH9 (R) 2.66 140 2.94 < 0.2 < 0.2 10.5 161 < 0.5 < 0.5 < 0.5 < 0.5 
CH10 (F) 3.69 185 3.62 < 0.2 < 0.2 12.8 163 < 0.5 < 0.5 < 0.5 < 0.5 
CH12 (F) 4.28 94.6 9.13 0.27 < 0.2 9.70 48.4 < 0.5 < 0.5 < 0.5 < 0.5 
CH13 (F) 10.7 109 7.26 < 0.2 0.56 9.31 40.3 < 0.5 < 0.5 < 0.5 < 0.5 
CH14 (F) 15.7 158 7.21 1.15 0.57 12.7 45.6 0.533 < 0.5 < 0.5 < 0.5 
CH15 (F) 4.60 130 3.92 < 0.2 < 0.2 14.5 40.9 < 0.5 < 0.5 < 0.5 < 0.5 
CH1-TRIB (F) < 1 < 1 1.14 0.22 < 0.2 0.45 315 < 0.5 < 0.5 < 0.5 < 0.5 
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ICP-MS Results, May 2015--Continued 
Sample No. 
107Ag 111Cd 118Sn 121Sb 133Cs 137Ba 139La 140Ce 141Pr 146Nd 182W 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH0 (F) < 0.2 < 0.2 < 0.5 < 0.2 < 0.5 32.7 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
CH0 (R) < 0.2 < 0.2 < 0.5 < 0.2 < 0.5 34.9 0.30 0.57 < 0.2 0.31 < 0.2 
CH0-DUP (F) < 0.2 < 0.2 < 0.5 < 0.2 < 0.5 30.5 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
CH0-DUP (R) < 0.2 < 0.2 < 0.5 < 0.2 < 0.5 35.2 0.32 0.60 < 0.2 0.32 < 0.2 
CH1 (F) < 0.2 0.29 < 0.5 < 0.2 0.32 42.7 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
CH1 (R) < 0.2 0.29 < 0.5 < 0.2 < 0.5 42.6 0.43 0.74 < 0.2 0.40 < 0.2 
CH2 (F) < 0.2 0.34 < 0.5 < 0.2 0.37 43.0 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
CH2 (R) < 0.2 0.37 < 0.5 < 0.2 0.53 45.5 0.51 0.88 < 0.2 0.44 < 0.2 
CH3 (F) < 0.2 0.42 < 0.5 < 0.2 0.50 48.0 < 0.2 0.32 < 0.2 < 0.2 < 0.2 
CH3 (R) < 0.2 0.43 < 0.5 < 0.2 0.66 48.6 0.63 1.10 < 0.2 0.54 < 0.2 
CH4 (F) < 0.2 0.79 < 0.5 < 0.2 0.92 56.0 0.86 1.35 < 0.2 0.62 < 0.2 
CH4 (R) < 0.2 0.81 < 0.5 < 0.2 0.98 56.8 0.94 1.57 < 0.2 0.75 < 0.2 
CH6 (F) < 0.2 0.93 < 0.5 < 0.2 1.06 62.6 1.16 1.89 0.22 0.89 < 0.2 
CH6 (R) < 0.2 0.94 < 0.5 < 0.2 1.08 62.3 1.22 1.97 0.23 0.94 < 0.2 
CH7 (R) < 0.2 1.24 < 0.5 < 0.2 0.95 75.1 1.54 2.47 0.28 1.11 < 0.2 
CH7(F) < 0.2 1.17 < 0.5 < 0.2 0.91 71.8 1.41 2.20 0.25 0.98 < 0.2 
CH8 (F) < 0.2 0.74 < 0.5 < 0.2 3.04 42.4 0.94 2.03 0.31 1.49 < 0.2 
CH9 (F) < 0.2 1.25 < 0.5 < 0.2 0.56 77.7 1.37 2.03 0.21 0.79 < 0.2 
CH9 (R) < 0.2 1.23 < 0.5 < 0.2 0.55 76.5 1.42 2.20 0.23 0.87 < 0.2 
CH10 (F) < 0.2 1.64 < 0.5 < 0.2 0.68 97.9 2.13 3.10 0.32 1.20 < 0.2 
CH12 (F) < 0.2 1.88 < 0.5 < 0.2 < 0.5 234 2.86 3.99 0.39 1.27 < 0.2 
CH13 (F) < 0.2 2.53 < 0.5 < 0.2 < 0.5 194 3.85 5.46 0.53 1.77 < 0.2 
CH14 (F) < 0.2 5.46 < 0.5 < 0.2 < 0.5 204 4.65 6.92 0.71 2.47 < 0.2 
CH15 (F) < 0.2 3.24 < 0.5 < 0.2 0.74 105 9.24 12.79 1.18 3.77 < 0.2 
CH1-TRIB (F) < 0.2 < 0.2 < 0.5 < 0.2 < 0.5 30.0 < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
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ICP-MS Results, May 2015--Continued 
Sample No. 
205Tl 207Pb 232Th 238U 
μg/L μg/L μg/L μg/L 
CH0 (F) < 0.2 0.262 < 0.2 0.91 
CH0 (R) < 0.2 3.55 < 0.2 0.88 
CH0-DUP (F) < 0.2 0.258 < 0.2 0.82 
CH0-DUP (R) < 0.2 3.58 < 0.2 0.92 
CH1 (F) < 0.2 0.963 < 0.2 0.34 
CH1 (R) 0.401 17.3 < 0.2 0.41 
CH2 (F) 0.452 5.92 < 0.2 0.23 
CH2 (R) 0.476 22.0 < 0.2 0.33 
CH3 (F) 0.557 5.06 < 0.2 0.22 
CH3 (R) 0.563 28.9 < 0.2 0.33 
CH4 (F) 1.06 38.7 < 0.2 0.27 
CH4 (R) 1.06 59.1 < 0.2 0.38 
CH6 (F) 1.16 74.9 < 0.2 0.43 
CH6 (R) 1.17 87.7 < 0.2 0.48 
CH7 (R) 1.30 129 < 0.2 0.64 
CH7(F) 1.19 107 < 0.2 0.55 
CH8 (F) 2.67 0.799 < 0.2 1.67 
CH9 (F) 0.929 103 < 0.2 0.33 
CH9 (R) 0.966 142 < 0.2 0.42 
CH10 (F) 1.20 222 < 0.2 0.50 
CH12 (F) 0.775 487 < 0.2 0.30 
CH13 (F) 1.02 846 < 0.2 0.63 
CH14 (F) 2.12 1470 < 0.2 1.49 
CH15 (F) 1.78 2000 < 0.2 1.05 
CH1-TRIB (F) < 0.2 < 0.2 < 0.2 0.37 
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7.3.3. IC Results, May 2015 
Sample No. 
F Cl NO2-N SO4 NO3-N PO4-P 
mg/L mg/L mg/L mg/L mg/L mg/L 
CH0 0.46 0.20 <0.05 27.6 <0.125 <0.0 
CH0-DUP 0.46 0.21 <0.05 27.7 <0.125 <0.0 
CH1 0.61 0.16 <0.05 33.6 <0.125 <0.0 
CH2 0.64 0.16 <0.05 35.0 <0.125 <0.0 
CH3 0.64 0.16 <0.05 35.8 <0.125 <0.0 
CH4 0.99 0.15 <0.05 40.0 <0.125 <0.0 
CH6 1.2 0.16 <0.05 42.2 <0.125 <0.0 
CH7 1.2 0.16 <0.05 38.0 <0.125 <0.0 
CH8 1.3 0.20 <0.05 76.3 <0.125 <0.0 
CH9 1.2 0.15 <0.05 32.1 <0.125 <0.0 
CH10 1.6 0.16 <0.05 38.8 <0.125 <0.0 
CH12 0.95 0.17 <0.05 24.0 <0.125 <0.0 
CH13 0.69 0.17 <0.05 22.2 <0.125 <0.0 
CH14 1.0 0.20 <0.05 30.0 <0.125 <0.0 
CH15 0.76 0.19 <0.05 31.0 <0.125 <0.0 
CH16 0.079 0.17 <0.05 8.7 <0.125 <0.0 
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7.4. April 2012 
7.4.1. Field Data, April 2012 
Sample No. pH 
Temp 
(°C) 
LDO 
(%) 
LDO 
(mg/L) 
SC 
(μS/cm) 
ORP 
(mV) 
Alkalinity 
(mg/L CaCO3) 
Flow 
(CFS) 
Flow 
(L/sec) 
CH1 6.61 2.4 95.4 11.7 114 316 22.4 3.83 108.5 
CH2 7.09 3.7 96.1 11.3 134 350 51.5 0.66 18.7 
CH3 6.23 3.9 96.5 11.2 94 299 6.2 2.54 71.9 
CH4 3.80 5.8 95.6 10.6 123 589 0 1.15 32.6 
CH5 6.47 3.6 95.4 11.2 70 318 15.8 not taken not taken 
CH6 6.30 4.9 95.2 10.8 46 350 7.6 1.27 36.0 
CH7 4.52 5.2 93.4 10.5 94 500 0 1.13 32.0 
CH8 2.96 5.7 92 10.2 306 715 0 0.1 2.8 
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7.4.2. ICP-AES Results, April 2012 
Sample No. 
Al As  B Ba Be Ca Cd Co Cr Cu Fe 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH1 (F) 0.07 <0.015 <0.01 0.03 <0.0005 14.9 <0.004 <0.005 <0.005 <0.005 <0.08 
CH1 (R) 1.28 <0.015 <0.01 0.04 <0.0005 15.2 <0.004 <0.005 <0.005 <0.005 0.54 
CH2 (F) <0.05 <0.015 <0.01 0.03 <0.0005 21.1 <0.004 <0.005 <0.005 <0.005 <0.08 
CH2 (R) 1.07 <0.015 <0.01 0.04 <0.0005 20.9 <0.004 <0.005 <0.005 <0.005 0.37 
CH3(F) 0.07 <0.015 <0.01 0.04 <0.0005 10.7 <0.004 <0.005 <0.005 <0.005 0.09 
CH3(R) 2.40 <0.015 <0.01 0.04 <0.0005 10.6 <0.004 <0.005 <0.005 <0.005 1.00 
CH4 (F) 2.11 <0.015 <0.01 0.06 <0.0005 8.9 <0.004 <0.005 <0.005 0.006 0.57 
CH4 (R) 2.16 <0.015 <0.01 0.06 <0.0005 8.9 <0.004 <0.005 <0.005 0.006 1.04 
CH5 (F) 0.05 <0.015 <0.01 0.02 <0.0005 8.7 <0.004 <0.005 <0.005 <0.005 0.08 
CH5 (R) 2.40 <0.015 <0.01 0.04 <0.0005 9.0 <0.004 <0.005 <0.005 0.005 1.10 
CH6 (F) 0.11 <0.015 <0.01 0.02 <0.0005 4.2 <0.004 <0.005 <0.005 <0.005 0.14 
CH6 (R) 1.90 <0.015 <0.01 0.03 <0.0005 4.3 <0.004 <0.005 <0.005 <0.005 0.92 
CH7 (F) 1.75 <0.015 <0.01 0.10 <0.0005 7.8 <0.004 <0.005 <0.005 <0.005 0.45 
CH7 (R) 1.74 <0.015 <0.01 0.10 <0.0005 7.7 <0.004 <0.005 <0.005 <0.005 0.87 
CH8 (F) 4.22 <0.015 <0.01 0.04 <0.0005 4.0 <0.004 0.006 <0.005 0.027 1.86 
CH8 (R) 4.28 <0.015 <0.01 0.04 <0.0005 4.0 <0.004 0.006 <0.005 0.027 1.88 
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ICP-AES Results, April 2012—Continued  
Sample No. K Li Mg Mn Mo Na Ni P Pb S Sb 
  mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH1 (F) 1.3 <0.05 2.3 0.069 <0.005 2.3 <0.01 <0.06 <0.05 9.6 <0.05 
CH1 (R) 1.4 <0.05 2.4 0.077 <0.005 2.3 <0.01 <0.06 <0.05 9.2 <0.05 
CH2 (F) 0.5 <0.05 2.6 <0.001 <0.005 2.3 <0.01 <0.06 <0.05 4.6 <0.05 
CH2 (R) 0.7 <0.05 2.7 0.002 <0.005 2.3 <0.01 <0.06 <0.05 3.8 <0.05 
CH3(F) 1.5 <0.05 1.9 0.142 <0.005 2.1 <0.01 <0.06 <0.05 9.9 <0.05 
CH3(R) 1.8 <0.05 2.0 0.148 <0.005 2.1 <0.01 <0.06 <0.05 9.6 <0.05 
CH4 (F) 2.7 <0.05 1.4 0.389 <0.005 1.9 <0.01 <0.06 0.078 15.2 <0.05 
CH4 (R) 2.7 <0.05 1.4 0.391 <0.005 1.9 <0.01 <0.06 0.08 14.8 <0.05 
CH5 (F) 0.6 <0.05 1.8 <0.001 <0.005 1.9 <0.01 <0.06 <0.05 4.9 <0.05 
CH5 (R) 1.0 <0.05 2.0 0.010 <0.005 1.9 <0.01 <0.06 <0.05 4.5 <0.05 
CH6 (F) 0.8 <0.05 1.3 <0.001 <0.005 2.0 <0.01 <0.06 <0.05 4.2 <0.05 
CH6 (R) 1.1 <0.05 1.5 0.012 <0.005 2.0 <0.01 <0.06 <0.05 4.0 <0.05 
CH7 (F) 2.4 <0.05 1.2 0.358 <0.005 1.8 <0.01 <0.06 0.193 12.2 <0.05 
CH7 (R) 2.4 <0.05 1.2 0.356 <0.005 1.8 <0.01 <0.06 0.21 11.9 <0.05 
CH8 (F) 3.9 <0.05 0.8 0.458 <0.005 1.9 <0.01 <0.06 <0.05 22.0 <0.05 
CH8 (R) 4.0 <0.05 0.8 0.454 <0.005 2.0 <0.01 <0.06 <0.05 22.3 <0.05 
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ICP-AES Results, April 2012—Continued 
Sample No. 
Se Si Sn Sr Ti Tl V Zn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH1 (F) <0.05 7.9 <0.01 0.240 <0.01 <0.1 <0.01 0.023 
CH1 (R) <0.05 9.0 <0.01 0.246 0.01 <0.1 <0.01 0.038 
CH2 (F) <0.05 5.3 <0.01 0.343 <0.01 <0.1 <0.01 <0.001 
CH2 (R) <0.05 6.7 <0.01 0.342 0.01 <0.1 <0.01 0.002 
CH3(F) <0.05 8.7 <0.01 0.178 <0.01 <0.1 <0.01 0.055 
CH3(R) <0.05 11.0 <0.01 0.180 0.02 <0.1 <0.01 0.065 
CH4 (F) <0.05 13.1 <0.01 0.141 <0.01 <0.1 <0.01 0.155 
CH4 (R) <0.05 13.1 <0.01 0.142 <0.01 <0.1 <0.01 0.151 
CH5 (F) <0.05 5.9 <0.01 0.144 <0.01 <0.1 <0.01 <0.001 
CH5 (R) <0.05 9.2 <0.01 0.153 0.03 <0.1 <0.01 0.006 
CH6 (F) <0.05 7.2 <0.01 0.055 <0.01 <0.1 <0.01 0.002 
CH6 (R) <0.05 9.5 <0.01 0.059 0.02 <0.1 <0.01 0.004 
CH7 (F) <0.05 13.5 <0.01 0.162 <0.01 <0.1 <0.01 0.170 
CH7 (R) <0.05 13.4 <0.01 0.162 <0.01 <0.1 <0.01 0.168 
CH8 (F) <0.05 17.6 <0.01 0.068 <0.01 <0.1 <0.01 0.181 
CH8 (R) <0.05 17.8 <0.01 0.069 <0.01 <0.1 <0.01 0.181 
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7.4.3. ICP-MS Results, April 2012 
Sample No. 
7Li 9Be 11B 27Al 31P 39K 43Ca 49Ti 51V 52Cr 55Mn 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 (F) 3 <0.2 3.3 45 <5.0 1030 8980 0.5 <0.2 <0.2 56.6 
CH1 (R) 2.72 <0.2 3.43 1030 17.5 1080 8770 5.8 1.0 0.5 62.1 
CH3(F) 3 <0.2 2.8 46 <5.0 1140 6280 0.6 <0.2 <0.2 114 
CH3(R) 2.54 <0.2 2.98 1317 17.6 1200 6140 5.9 1.1 0.5 118.3 
CH4 (F) 5 <0.2 2.2 1330 <5.0 1940 5100 0.6 <0.2 <0.2 301 
CH4 (R) 4.19 0.206 2.27 1480 <5.0 1970 5020 1.6 0.3 <0.2 302.5 
CH6 (F) <2.0 <0.2 2.8 34 11 464 5310 1.0 <0.2 <0.2 <2.0 
CH6 (R) <2.0 <0.2 2.91 1180 31.1 582 5240 7.2 1.5 0.7 7.4 
CH7 (F) 6 0.2 2.2 1130 <5.0 1780 4390 0.5 <0.2 <0.2 277 
CH7 (R) 6.22 0.215 2.33 1180 <5.0 1780 4370 0.7 <0.2 <0.2 275.4 
CH8 (F) <2.0 <0.2 2.0 2590 <5.0 2680 2110 0.8 <0.2 <0.2 341 
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ICP-MS Results, April 2012—Continued 
Sample No. 
56Fe 59Co 60Ni 63Cu 66Zn 71Ga 75As 82Se 85Rb 88Sr 90Zr 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 (F) 14.8 0.4 0.8 0.9 19.2 <0.2 <0.2 0.2 3.2 208 <0.2 
CH1 (R) 651 0.5 1.3 2.5 33.6 <0.2 0.5 0.3 4.3 210 <0.2 
CH3(F) 71.5 0.9 1.2 1.1 48.1 <0.2 <0.2 0.2 4.4 153 <0.2 
CH3(R) 845 1.0 1.6 3.5 55.9 0.2 0.7 0.2 5.7 154 0.2 
CH4 (F) 431 2.4 2.2 4.3 139.7 <0.2 <0.2 <0.2 10.5 123 <0.2 
CH4 (R) 841 2.4 2.3 4.4 137.2 <0.2 0.4 <0.2 10.8 123 <0.2 
CH6 (F) 55.7 <0.2 0.4 1.2 <0.5 <0.2 0.5 0.3 <0.5 124 <0.2 
CH6 (R) 985 <0.2 1.0 4.0 5.7 0.3 1.0 0.3 2.4 129 0.2 
CH7 (F) 342 2.1 1.9 2.6 154.7 <0.2 <0.2 0.2 9.1 140 <0.2 
CH7 (R) 701 2.1 1.9 2.7 152.8 <0.2 <0.2 0.2 9.0 139 <0.2 
CH8 (F) 1370 3.9 3.2 18.1 159.4 <0.2 <0.2 <0.2 17.0 57.8 0.3 
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ICP-MS Results, April 2012—Continued 
Sample No. 
93Nb 98Mo 105Pd 107Ag 111Cd 118Sn 121Sb 133Cs 137Ba 139La 140Ce 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 (F) <0.5 <0.2 <0.5 <0.2 <0.2 <0.5 <0.2 <0.5 22.1 <0.2 <0.2 
CH1 (R) <0.5 <0.2 <0.5 <0.2 <0.2 <0.5 <0.2 0.6 28.0 0.6 1.2 
CH3(F) <0.5 <0.2 <0.5 <0.2 0.3 <0.5 <0.2 <0.5 27.9 <0.2 0.2 
CH3(R) <0.5 <0.2 <0.5 <0.2 0.3 <0.5 <0.2 0.8 32.1 0.8 1.6 
CH4 (F) <0.5 <0.2 <0.5 <0.2 0.9 <0.5 <0.2 0.7 47.3 1.0 1.5 
CH4 (R) <0.5 <0.2 <0.5 <0.2 0.9 <0.5 <0.2 0.8 48.9 1.1 1.7 
CH6 (F) <0.5 <0.2 <0.5 <0.2 <0.2 <0.5 <0.2 <0.5 12.1 <0.2 <0.2 
CH6 (R) <0.5 <0.2 <0.5 <0.2 <0.2 <0.5 <0.2 0.9 23.3 0.7 1.7 
CH7 (F) <0.5 <0.2 <0.5 <0.2 1.4 <0.5 <0.2 <0.5 77.2 1.6 2.2 
CH7 (R) <0.5 <0.2 <0.5 <0.2 1.4 <0.5 <0.2 <0.5 77.0 1.6 2.3 
CH8 (F) <0.5 <0.2 <0.5 <0.2 0.5 <0.5 <0.2 1.8 27.2 0.7 1.5 
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ICP-MS Results, April 2012—Continued 
Sample No. 
141Pr 146Nd 182W 205Tl Pb 232Th 238U 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 (F) <0.2 <0.2 <0.2 <0.2 0.5 <0.2 0.2 
CH1 (R) <0.2 0.6 <0.2 <0.2 12.5 <0.2 0.3 
CH3(F) <0.2 <0.2 <0.2 0.3 2.1 <0.2 <0.2 
CH3(R) <0.2 0.7 <0.2 0.3 24.3 <0.2 0.3 
CH4 (F) <0.2 0.7 <0.2 0.8 73.3 <0.2 0.4 
CH4 (R) <0.2 0.8 <0.2 0.8 76.9 <0.2 0.4 
CH6 (F) <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 <0.2 
CH6 (R) <0.2 0.7 <0.2 <0.2 0.9 <0.2 <0.2 
CH7 (F) 0.2 0.8 <0.2 0.8 178 <0.2 0.3 
CH7 (R) 0.2 0.9 <0.2 0.7 192.9 <0.2 0.4 
CH8 (F) 0.2 1.1 <0.2 1.5 1.2 <0.2 1.5 
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7.4.4. IC Results, April 2012 
Sample No. 
F Cl NO2-N Br NO3-N PO4-P SO4 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH1 0.53 1.01 <0.01 <0.01 0.01 <0.01 24.4 
CH2 0.25 2.05 <0.01 <0.01 0.03 <0.01 9.5 
CH3 0.57 0.58 <0.01 <0.01 <0.01 <0.01 25.9 
CH4 1.16 0.31 <0.01 <0.01 0.01 <0.01 44.8 
CH5 0.15 0.78 <0.01 <0.01 <0.01 <0.01 11.1 
CH6 0.14 0.40 <0.01 <0.01 <0.01 <0.01 9.5 
CH7 1.60 0.48 <0.01 <0.01 0.01 <0.01 36.4 
CH8 0.86 0.30 <0.01 <0.01 <0.01 <0.01 68.0 
99 
7.5. Leach Experiment Results 
7.5.1. Parameters and IC Results, Leach Experiments 
   Parameters     Ion Chromatography Results     
Sample No. 
pH SC ORP F Cl NO2-N SO4 NO3-N PO4-P 
  μS/cm mV mg/L mg/L mg/L mg/L mg/L mg/L 
LEACH1 3.92 61 460 0.062 2.7 n.d. 15.9 0.33 n.d. 
LEACH2 3.74 105 462 0.13 3.0 n.d. 30.6 0.62 n.d. 
LEACH3 3.55 572 481 0.78 19.1 <0.05 224.5 0.54 n.d. 
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7.5.2. ICP-MS Results, Leach Experiments 
Sample No. 
7Li 9Be 11B 27Al 31P 31P 39K 39K 43Ca 43Ca 49Ti 51V 
μg/L μg/L μg/L μg/L μg/L mg/L μg/L mg/L μg/L mg/L μg/L μg/L 
LEACH1 < 5 < 2 138 48.6 < 50 < 0.05 182 0.182 1810 1.81 < 5 < 5 
LEACH2 < 5 < 2 182 260 < 50 < 0.05 233 0.233 3850 3.85 < 5 < 5 
LEACH3 < 5 < 2 237 4259 < 50 < 0.05 2340 2.34 27200 27.2 15.5 < 5 
 
Sample No. 
52Cr 55Mn 55Mn 56Fe 56Fe 59Co 60Ni 63Cu 66Zn 71Ga 75As 82Se 
μg/L μg/L mg/L μg/L mg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
LEACH1 < 2 76.5 0.0765 19.5 0.0195 < 5 < 5 62.1 160 6.10 < 2 < 2 
LEACH2 < 2 154 0.154 < 50 < 0.05 22.7 < 5 154 159 5.44 < 2 < 2 
LEACH3 2.14 865 0.865 9930 9.93 36.9 93.3 449 1090 < 2 < 2 5.54 
 
Sample No. 
85Rb 88Sr 90Zr 93Nb 98Mo 105Pd 107Ag 111Cd 118Sn 121Sb 133Cs 137Ba 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
LEACH1 4.19 339 < 5 < 5 < 5 < 5 < 2 < 2 < 5 < 2 < 5 155 
LEACH2 6.48 2890 < 5 < 5 < 5 2.13 < 2 < 2 < 5 < 2 < 5 144 
LEACH3 57.0 14400 < 5 < 5 < 5 12.6 < 2 2.36 < 5 < 2 < 5 36.3 
 
Sample No. 
139La 140Ce 141Pr 146Nd 182W 205Tl 206Pb 207Pb 208Pb 232Th 238U 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
LEACH1 < 2 < 2 < 2 < 2 < 2 < 2 4.03 3.85 4.05 < 2 < 2 
LEACH2 < 2 2.38 < 2 < 2 < 2 < 2 15.58 15.12 15.62 < 2 < 2 
LEACH3 90.4 132 13.1 46.0 < 2 2.83 18.51 19.53 19.78 < 2 3.12 
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7.6. Acid Digestion ICP-MS Results (Corrected for Dilution) 
Sample No. 
7Li 9Be 11B 27Al 31P 39K 43Ca 49Ti 51V 52Cr 55Mn 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH4-ISP 13.9 18.2 23.0 129000 1220 181 3680 15.8 17.9 9.26 5130 
CH5-ISP B.D. 15.2 28.1 199000 765 98.6 1240 12.6 9.76 6.61 543 
CH6-ISP B.D. 6.27 20.7 158000 852 129 432 16.5 19.6 8.26 189 
CH7-ISP B.D. B.D. 12.9 18000 992 239 250 63.2 105 14.1 173 
CH9-ISP B.D. B.D. 62.8 9100 909 111 210 41.2 141 9.44 103 
CH10-ISP B.D. B.D. 14.1 6450 1340 98.7 234 21.7 256 7.04 92.9 
CH-TRIB4-ISP B.D. B.D. 66.6 2180 4100 23.9 138 12.2 794 2.61 B.D. 
CH11-ISP B.D. B.D. 33.2 10300 1290 178 301 92.0 255 10.7 170 
CH12-ISP 12.4 B.D. 48.6 25800 1360 338 549 311 72.9 19.6 310 
CH13-ISP 13.4 B.D. 95.5 26900 1030 232 416 279 64.7 15.2 128 
CH16-ISP B.D. B.D. 97.4 14700 529 121 284 167 39.5 10.0 49.9 
CH6-FC B.D. B.D. 117 1210 251 B.D. 157 14.2 23.4 3.96 22.7 
CH7-FC B.D. 2.80 52.2 11300 381 30.4 179 25.8 57.6 3.92 53.4 
CH9-FC 12.7 1.17 40.1 24600 1450 296 623 164 187 16.5 366 
CH-TRIB4-FC B.D. B.D. 20.5 12600 792 146 257 104 50.1 10.3 88.0 
CH11-FC B.D. 3.38 23.0 12600 392 37.8 174 31.5 95.3 4.17 60.6 
CH-TRIB5-FC B.D. B.D. 56.7 7270 721 69.3 230 74.9 45.5 8.33 51.3 
CH12-FC B.D. 7.38 18.3 43300 512 90.9 563 67.8 52.1 7.18 942 
CH13-FC B.D. B.D. 226 1300 243 B.D. 222 10.0 43.5 2.08 28.6 
CH14-FC B.D. 2.65 109 6920 241 B.D. 215 12.7 52.1 6.79 96.1 
CH16-FC 10.2 4.26 59.1 51700 719 133 361 106 400 13.8 423 
CH18-FC B.D. B.D. 66.3 10900 393 25.4 170 27.9 812 22.7 B.D. 
LIME1-ISP 33.5 B.D. 23.1 9070 754 234 1960 101 134 32.6 144 
LIME2-ISP 28.8 B.D. 26.9 9240 399 287 766 105 26.5 26.8 436 
LIME3-ISP B.D. 6.58 20.6 74800 191 B.D. 1620 6.97 3.44 1.99 1230 
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Acid Digestion ICP-MS Results, Continued 
Sample No. 
56Fe 59Co 60Ni 63Cu 66Zn 71Ga 75As 82Se 85Rb 88Sr 90Zr 
% mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH4-ISP 3.38 70.6 25.4 236 1730 15.6 13.4 2.05 26.1 221 8.54 
CH5-ISP 2.58 9.32 9.80 251 451 4.72 12.9 B.D. 14.9 61.7 7.33 
CH6-ISP 4.76 3.27 7.05 114 168 15.7 18.6 B.D. 17.6 16.4 8.64 
CH7-ISP 17.79 2.26 7.38 49.0 133 22.0 77.3 3.47 37.8 27.5 10.2 
CH9-ISP 19.97 2.26 5.72 39.1 74.1 5.62 141 3.24 16.2 9.57 13.2 
CH10-ISP 21.05 1.70 9.12 30.5 82.6 4.30 254 B.D. 15.2 6.67 10.1 
CH-TRIB4-ISP 20.96 B.D. B.D. 5.71 31.7 B.D. 979 B.D. 2.32 B.D. 2.84 
CH11-ISP 19.86 3.95 6.63 41.7 107 10.4 249 3.67 22.8 21.8 21.0 
CH12-ISP 20.46 5.86 13.6 69.7 198 42.4 20.9 B.D. 45.8 56.7 26.3 
CH13-ISP 21.43 2.96 11.5 53.4 172 40.9 15.7 B.D. 33.1 63.8 33.0 
CH16-ISP 20.66 B.D. 4.40 39.7 72.4 20.1 11.4 4.03 18.1 36.2 48.3 
CH6-FC 19.86 B.D. 2.55 46.8 187 13.9 3.70 B.D. B.D. 4.67 14.9 
CH7-FC 22.41 B.D. 3.08 25.6 427 38.3 7.10 2.18 4.03 12.2 18.5 
CH9-FC 21.91 11.1 13.0 89.5 499 27.4 123 3.15 43.7 131 10.3 
CH-TRIB4-FC 23.98 B.D. 5.07 59.4 280 122 18.8 2.66 25.6 55.1 24.6 
CH11-FC 22.90 B.D. 3.17 32.0 492 29.6 14.1 B.D. 5.65 14.1 10.1 
CH-TRIB5-FC 23.20 B.D. 3.11 63.1 166 28.1 26.5 4.38 10.4 37.6 21.5 
CH12-FC 22.68 12.4 8.56 62.8 589 15.7 12.5 3.37 16.1 33.8 14.1 
CH13-FC 22.03 B.D. B.D. 19.8 103 121 4.17 2.01 B.D. 18.0 6.4 
CH14-FC 22.44 B.D. 4.95 76.4 491 20.7 6.64 B.D. B.D. 10.7 14.3 
CH16-FC 23.10 18.1 20.9 104 852 239 30.3 B.D. 22.5 62.5 61.2 
CH18-FC 24.21 B.D. 2.84 34.9 47.4 B.D. 692 B.D. 2.25 B.D. 16.9 
LIME1-ISP 25.02 2.57 20.2 40.9 194 11.1 56.9 2.32 22.5 469 15.8 
LIME2-ISP 24.16 8.80 19.0 39.7 232 6.66 15.4 B.D. 25.8 60.7 9.64 
LIME3-ISP 9.48 8.36 4.96 171 434 B.D. 3.07 B.D. B.D. 90.0 B.D. 
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Acid Digestion ICP-MS Results, Continued 
Sample No. 
93Nb 98Mo 105Pd 107Ag 111Cd 118Sn 121Sb 133Cs 137Ba 139La 140Ce 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH4-ISP B.D. 4.18 3.21 2.37 5.41 2.4 B.D. 11.0 288 106 188 
CH5-ISP B.D. 2.96 3.01 B.D. 1.13 B.D. B.D. 7.01 80.1 69.2 149 
CH6-ISP B.D. 6.50 B.D. 4.40 B.D. B.D. B.D. 9.41 319 18.4 48.2 
CH7-ISP B.D. 9.59 B.D. 1.35 B.D. B.D. B.D. 21.7 414 15.1 28.2 
CH9-ISP B.D. 9.30 B.D. 2.62 B.D. B.D. B.D. 8.27 90.2 7.29 16.1 
CH10-ISP B.D. 5.22 B.D. 1.10 B.D. B.D. B.D. 9.86 73.2 6.35 13.9 
CH-TRIB4-ISP B.D. 3.19 B.D. B.D. B.D. B.D. B.D. B.D. 7.34 B.D. 1.69 
CH11-ISP B.D. 8.12 B.D. 1.89 B.D. B.D. B.D. 7.59 182 12.0 25.1 
CH12-ISP B.D. 16.7 B.D. 2.57 B.D. B.D. B.D. 14.3 828 29.5 54.2 
CH13-ISP B.D. 18.3 B.D. 2.42 B.D. B.D. B.D. 7.62 831 29.8 46.0 
CH16-ISP B.D. 13.9 B.D. 15.8 B.D. 15.1 B.D. 4.32 403 21.3 37.4 
CH6-FC B.D. 3.19 B.D. 1.51 B.D. B.D. B.D. B.D. 317 1.27 2.23 
CH7-FC B.D. 4.75 B.D. B.D. 1.57 B.D. B.D. B.D. 861 7.01 18.3 
CH9-FC B.D. 15.4 B.D. 1.31 B.D. B.D. B.D. 18.2 504 47.3 92.6 
CH-TRIB4-FC B.D. 10.1 B.D. B.D. B.D. B.D. B.D. 11.4 1791 15.5 25.8 
CH11-FC B.D. 4.78 B.D. B.D. B.D. B.D. B.D. B.D. 658 5.15 11.7 
CH-TRIB5-FC B.D. 9.56 B.D. 1.09 B.D. B.D. B.D. 2.63 593 6.55 13.0 
CH12-FC B.D. 8.84 B.D. B.D. 2.23 B.D. B.D. 4.94 323 46.6 85.4 
CH13-FC B.D. B.D. B.D. B.D. B.D. B.D. B.D. B.D. 1789 1.62 3.00 
CH14-FC B.D. 2.77 B.D. B.D. 13.3 B.D. B.D. B.D. 462 7.20 16.0 
CH16-FC B.D. 20.6 B.D. 1.67 21.5 2.49 B.D. 5.17 3515 27.2 47.3 
CH18-FC B.D. 15.2 B.D. 4.78 6.00 B.D. 8.70 B.D. 45.3 23.4 38.0 
LIME1-ISP B.D. 9.12 B.D. 3.63 0.99 B.D. B.D. 9.61 223 2.78 5.73 
LIME2-ISP B.D. 21.6 B.D. B.D. B.D. B.D. B.D. 9.12 127 3.86 8.05 
LIME3-ISP B.D. 3.17 B.D. B.D. 1.71 B.D. B.D. B.D. 51.1 18.0 41.3 
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Acid Digestion ICP-MS Results, Continued 
Sample No. 
141Pr 146Nd 182W 205Tl 207Pb 232Th 238U 
mg/L mg/L mg/L mg/L mg/L mg/L mg/L 
CH4-ISP 23.1 89.8 1.39 4.10 5010 3.95 26.2 
CH5-ISP 20.3 82.8 1.00 2.28 5780 2.82 44.8 
CH6-ISP 6.30 28.2 B.D. 1.31 1760 2.70 39.1 
CH7-ISP 3.52 14.0 1.05 5.85 1120 5.40 7.30 
CH9-ISP 2.05 7.57 1.60 B.D. 768 5.08 3.91 
CH10-ISP 1.52 6.17 1.14 1.24 557 2.94 2.23 
CH-TRIB4-ISP B.D. 1.66 0.96 B.D. 18.1 B.D. B.D. 
CH11-ISP 2.70 10.9 B.D. 1.93 820 4.25 4.48 
CH12-ISP 6.32 24.8 1.15 3.64 2350 6.40 12.2 
CH13-ISP 5.02 18.9 B.D. 3.69 1450 5.13 8.44 
CH16-ISP 4.39 16.9 B.D. 1.28 1200 3.51 5.35 
CH6-FC B.D. 1.11 B.D. B.D. 560 0.90 0.94 
CH7-FC 2.52 10.9 B.D. B.D. 504 1.07 5.21 
CH9-FC 11.0 43.7 1.90 1.99 955 7.84 17.4 
CH-TRIB4-FC 3.04 11.4 2.07 1.05 406 5.41 3.75 
CH11-FC 1.50 6.48 B.D. B.D. 1040 1.67 7.42 
CH-TRIB5-FC 1.64 6.82 1.31 B.D. 275 3.61 5.11 
CH12-FC 10.8 42.3 B.D. 2.14 1900 2.89 24.2 
CH13-FC B.D. 1.70 B.D. B.D. 982 B.D. 1.54 
CH14-FC 1.98 7.73 B.D. B.D. 963 B.D. 3.68 
CH16-FC 5.91 23.0 1.10 2.46 2930 5.22 15.0 
CH18-FC 4.16 14.3 B.D. B.D. 6420 1.99 14.0 
LIME1-ISP B.D. 3.77 B.D. 2.23 55.6 3.28 4.46 
LIME2-ISP 1.26 6.16 B.D. 2.17 42.8 2.50 4.47 
LIME3-ISP 7.20 36.2 B.D. 1.51 10.6 B.D. 19.0 
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7.7. Water Quality Standards: Comparsions 
7.7.1. April 2012 Water Quality Standards 
Sample 
No. 
Distance 
Ca 
Conc 
Mg 
Conc Hardness 
Cd 
Conc 
Cd1 
Std 
Cu 
Conc 
Cu1 
Std 
Pb 
Conc 
Pb1 
Std 
Tl 
Conc 
Tl2 
Std 
Zn 
Conc 
Zn1 
Std 
meters mg/L mg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 3175 14.9 2.3 46.4 <0.2 0.15 2.5 4.84 12.5 1.20 <0.2 0.24 33.6 62.6 
CH3 1930 10.7 1.9 34.5 0.3 0.12 3.5 3.76 24.3 0.82 0.3 0.24 55.9 48.7 
CH4 1560 8.9 1.4 28.1 0.9 0.11 4.4 3.16 76.9 0.63 0.8 0.24 137.2 40.9 
CH6 1580 4.2 1.3 25.0 <0.2 0.097 4.0 2.85 0.9 0.54 <0.2 0.24 5.7 37.0 
CH7 830 7.8 1.2 25.0 1.4 0.097 2.7 2.85 192.9 0.54 0.7 0.24 152.8 37.0 
1Chronic aquatic life standard; 2Human health standard 
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7.7.2. August 2014 Water Quality Standards 
Sample 
No. 
Distance 
Ca 
Conc 
Mg 
Conc Hardness 
Cd 
Conc 
Cd1 
Std 
Cu 
Conc 
Cu1 
Std 
Pb 
Conc 
Pb1 
Std 
Tl 
Conc 
Tl2 
Std 
Zn 
Conc 
Zn1 
Std 
(meters) mg/L mg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
CH1 3175 34.3 4.70 105.0 < 0.2 0.28 < 1.0 9.72 < 0.2 3.38 < 0.2 0.24 4.36 124.8 
CH2 2725 33.8 4.92 104.6 < 0.2 0.28 < 1.0 9.69 < 0.2 3.37 0.31 0.24 11.8 124.4 
CH3 2220 27.6 4.21 86.1 0.29 0.24 < 1.0 8.21 1.48 2.63 0.77 0.24 55.5 105.6 
CH4 1960 23.5 3.84 74.4 0.68 0.22 1.17 7.24 18.3 2.18 1.39 0.24 157 93.2 
CH5 1765 19.5 3.51 63.1 1.01 0.19 3.67 6.30 82.5 1.77 1.96 0.24 219 81.2 
CH6 1600 17.7 3.25 57.7 1.13 0.18 5.36 5.83 116 1.58 2.36 0.24 252 75.2 
CH7 1560 13.1 2.19 41.8 1.44 0.14 7.49 4.42 184 1.05 3.15 0.24 316 57.2 
CH8 1435 12.4 2.07 39.4 1.35 0.14 7.08 4.21 186 0.97 3.02 0.24 298 54.4 
CH9 1290 11.7 1.94 37.2 1.32 0.13 7.17 4.01 188 0.91 3.06 0.24 306 51.9 
CH10 1125 10.2 1.71 32.4 1.29 0.12 6.99 3.56 204 0.76 3.12 0.24 318 46.1 
CH11 990 9.68 1.61 30.8 1.51 0.11 8.20 3.41 248 0.71 3.13 0.24 324 44.2 
CH12 830 9.61 1.52 30.3 2.02 0.11 5.57 3.36 421 0.69 2.50 0.24 316 43.5 
CH13 710 8.04 1.32 25.5 1.96 0.10 3.32 2.90 317 0.56 2.14 0.24 326 37.7 
CH14 590 7.32 1.24 25.0 2.17 0.10 2.36 2.85 305 0.54 2.48 0.24 364 37.0 
CH15-2 540 6.00 1.20 25.0 2.78 0.10 1.32 2.85 375 0.54 2.61 0.24 405 37.0 
CH15 525 8.18 1.54 26.8 4.81 0.10 < 1.0 3.03 233 0.59 4.17 0.24 628 39.2 
CH16 520 5.83 0.91 25.0 0.89 0.10 4.44 2.85 411 0.54 0.91 0.24 139 37.0 
CH17 250 1.88 0.68 25.0 2.88 0.10 14.1 2.85 1400 0.54 1.42 0.24 135 37.0 
CH-TRIB1 2720 33.4 3.94 99.6 < 0.2 0.27 < 1.0 9.30 0.23 3.17 < 0.2 0.24 < 1.0 119.4 
CH-TRIB2 1930 32.9 3.90 98.1 < 0.2 0.27 < 1.0 9.18 < 0.2 3.11 < 0.2 0.24 1.00 117.9 
CH-TRIB3 1580 39.4 7.98 131.2 < 0.2 0.33 < 1.0 11.76 < 0.2 4.49 < 0.2 0.24 < 1.0 150.8 
CH-TRIB4 1020 10.7 1.84 34.2 < 0.2 0.12 < 1.0 3.73 0.47 0.81 3.14 0.24 365 48.3 
CH-TRIB5 860 8.07 1.51 26.3 1.29 0.10 15.8 2.98 19.3 0.58 4.72 0.24 345 38.7 
CH-TRIB6 590 8.30 1.54 27.0 2.58 0.10 < 1.0 3.05 130 0.60 3.60 0.24 502 39.6 
1Chronic aquatic life standard; 2Human health standard 
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7.8. Mineral Saturation Indicies Model Results 
Sample No. pH Al+3 Fe+2 Fe+3 Ferrihydrite Ferrihydrite (aged) Gibbsite 
    Conc Conc Conc SI SI SI 
CH1 7.58 7.61E-13 9.27E-17 6.12E-17 2.32 2.83 1.84 
CH2 7.8 1.63E-13 9.12E-17 2.13E-17 2.56 3.07 1.87 
CH3 7.41 1.04E-11 9.14E-17 1.15E-16 2.25 2.76 2.63 
CH4 6.63 4.28E-10 2.82E-07 3.17E-14 2.45 2.96 2.02 
CH5 5.96 6.30E-08 9.47E-07 7.37E-13 1.81 2.32 2.18 
CH6 5.16 3.82E-06 1.48E-06 6.86E-11 1.28 1.79 1.45 
CH7 3.69 1.35E-05 3.25E-06 1.45E-07 0.21 0.72 -2.39 
CH8 3.62 1.32E-05 3.83E-06 3.45E-07 0.38 0.89 -2.61 
CH9 3.61 1.34E-05 7.07E-06 5.34E-07 0.52 1.03 -2.65 
CH10 3.47 1.61E-05 4.55E-06 6.98E-07 0.15 0.66 -3.06 
CH11 3.29 1.65E-05 1.24E-05 1.93E-06 0.07 0.58 -3.57 
CH12 3.28 6.29E-06 7.79E-06 8.91E-07 -0.30 0.22 -4.02 
CH13 3.35 5.55E-06 2.36E-05 2.30E-06 0.37 0.88 -3.81 
CH14 3.25 6.68E-06 4.40E-05 1.67E-06 -0.19 0.32 -4.17 
CH15 4.44 1.13E-05 4.88E-05 1.25E-08 0.96 1.47 -0.67 
CH16 3.69 3.42E-06 3.55E-05 3.70E-07 0.54 1.05 -3.06 
CH17 3.94 1.41E-05 2.00E-05 1.01E-07 0.75 1.26 -1.68 
CH-TRIB1 7.65 1.41E-13 4.36E-08 5.81E-17 2.06 2.57 0.85 
CH-TRIB2 7.7 2.73E-14 4.30E-08 3.19E-17 2.37 2.88 0.73 
CH-TRIB3 7.45 1.27E-13 4.09E-08 9.42E-17 2.24 2.75 0.80 
CH-TRIB4 3.96 2.67E-05 5.27E-04 4.47E-07 0.94 1.45 -1.88 
CH-TRIB5 3.03 3.53E-05 7.13E-06 1.95E-06 -0.69 -0.18 -4.00 
CH-TRIB6 3.34 6.90E-06 4.82E-05 1.76E-06 -0.03 0.48 -4.02 
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Mineral Saturation Indices Model Results--Continued 
Sample No. Goethite K-Jarosite Basaluminite Schwertmannite Al(OH)3 (am) Charge 
Balance   SI SI SI SI SI 
CH1 5.33 -1.59 0.05 0.06 -1.27 1.18 
CH2 5.55 -1.51 -0.05 -0.05 -1.23 2.97 
CH3 5.19 -1.48 0.79 0.19 -0.46 3.12 
CH4 5.36 -0.48 0.48 -0.27 -1.07 2.95 
CH5 4.72 -0.42 0.99 0.07 -0.91 2.57 
CH6 4.23 -0.06 0.77 0.15 -1.64 2.53 
CH7 3.15 0.36 -2.35 0.59 -5.49 0.10 
CH8 3.32 0.60 -2.53 0.39 -5.70 0.67 
CH9 3.47 0.77 -2.55 0.23 -5.75 1.59 
CH10 3.12 0.61 -2.82 0.47 -6.16 3.28 
CH11 3.04 0.66 -3.27 0.49 -6.67 6.42 
CH12 2.68 0.24 -3.71 0.85 -7.12 10.13 
CH13 3.33 0.84 -3.59 0.26 -6.91 3.67 
CH14 2.81 0.45 -3.76 0.66 -7.27 10.06 
CH15 4.08 0.72 -0.54 -0.28 -3.79 14.83 
CH16 3.53 0.59 -2.95 0.18 -6.17 2.86 
CH17 3.75 0.40 -1.72 0.10 -4.78 2.58 
CH-TRIB1 5.25 -2.72 -0.67 0.05 -2.28 4.43 
CH-TRIB2 5.40 -2.13 -1.20 0.13 -2.38 2.92 
CH-TRIB3 5.19 -1.68 -1.06 0.22 -2.30 1.82 
CH-TRIB4 4.09 1.30 -1.40 -0.57 -5.00 7.20 
CH-TRIB5 2.27 0.23 -3.59 1.16 -7.10 7.56 
CH-TRIB6 3.02 0.68 -3.52 0.40 -7.13 3.53 
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7.9. Metal Adsorption Model Results 
Sample No. Cd+2 Cd+2 Cd+2 Cu+2 Cu+2 Cu+2 
  Total dissolved Total sorbed % Sorbed Total dissolved Total sorbed % Sorbed 
CH1 7.53E-10 1.37E-10 1.54E+01 2.15E-10 7.65E-09 9.73E+01 
CH2 7.10E-10 1.80E-10 2.02E+01 1.74E-10 7.69E-09 9.78E+01 
CH3 2.37E-09 1.78E-10 6.98E+00 2.58E-10 7.61E-09 9.67E+01 
CH4 6.03E-09 4.12E-11 6.78E-01 3.77E-09 1.46E-08 7.95E+01 
CH5 9.00E-09 1.04E-12 1.16E-02 4.81E-08 9.59E-09 1.66E+01 
CH6 1.01E-08 2.59E-13 2.57E-03 8.33E-08 1.07E-09 1.27E+00 
CH7 1.28E-08 2.88E-15 2.24E-05 1.18E-07 8.29E-12 7.04E-03 
CH8 1.20E-08 1.96E-15 1.63E-05 1.11E-07 5.70E-12 5.11E-03 
CH9 1.18E-08 1.83E-15 1.56E-05 1.13E-07 5.51E-12 4.88E-03 
CH10 1.15E-08 9.40E-16 8.18E-06 1.10E-07 2.82E-12 2.56E-03 
CH11 1.34E-08 4.87E-16 3.63E-06 1.29E-07 1.47E-12 1.14E-03 
CH12 1.80E-08 6.37E-16 3.55E-06 8.76E-08 9.72E-13 1.11E-03 
CH13 1.74E-08 8.42E-16 4.84E-06 5.22E-08 7.91E-13 1.52E-03 
CH14 1.93E-08 5.98E-16 3.10E-06 3.71E-08 3.60E-13 9.69E-04 
CH15 4.28E-08 1.85E-13 4.32E-04 7.86E-09 1.15E-11 1.47E-01 
CH16 7.92E-09 1.88E-15 2.37E-05 6.98E-08 5.21E-12 7.46E-03 
CH17 2.56E-08 1.42E-14 5.55E-05 2.22E-07 4.13E-11 1.85E-02 
CH-TRIB1 7.07E-10 1.83E-10 2.05E+01 2.60E-10 7.61E-09 9.67E+01 
CH-TRIB2 7.00E-10 1.90E-10 2.13E+01 2.65E-10 7.60E-09 9.66E+01 
CH-TRIB3 7.75E-10 1.15E-10 1.29E+01 3.66E-10 7.50E-09 9.53E+01 
CH-TRIB4 8.90E-10 6.55E-16 7.37E-05 7.87E-09 1.82E-12 2.31E-02 
CH-TRIB5 1.15E-08 1.22E-16 1.06E-06 2.49E-07 8.28E-13 3.33E-04 
CH-TRIB6 2.30E-08 1.05E-15 4.57E-06 7.87E-09 1.13E-13 1.43E-03 
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Metal Adsorption Model Results--Continued 
Sample No. Mn+2 Mn+2 Mn+2 Pb+2 Pb+2 Pb+2 
  Total dissolved Total sorbed % Sorbed Total dissolved Total sorbed % Sorbed 
CH1 1.76E-08 5.71E-10 3.14E+00 1.38E-12 4.81E-10 9.97E+01 
CH2 1.62E-07 8.02E-09 4.72E+00 1.79E-12 4.81E-10 9.96E+01 
CH3 3.46E-06 4.87E-08 1.39E+00 3.54E-11 7.70E-09 9.95E+01 
CH4 1.05E-05 1.12E-08 1.07E-01 1.42E-09 8.86E-08 9.84E+01 
CH5 1.55E-05 3.58E-10 2.31E-03 2.29E-07 1.83E-07 4.44E+01 
CH6 1.91E-05 7.26E-11 3.81E-04 4.40E-07 1.36E-07 2.37E+01 
CH7 2.43E-05 7.66E-13 3.15E-06 8.87E-07 2.63E-09 2.96E-01 
CH8 2.44E-05 5.59E-13 2.29E-06 8.99E-07 1.93E-09 2.15E-01 
CH9 2.50E-05 5.48E-13 2.19E-06 9.06E-07 1.86E-09 2.05E-01 
CH10 2.51E-05 2.89E-13 1.15E-06 1.02E-06 1.09E-09 1.07E-01 
CH11 2.43E-05 1.24E-13 5.09E-07 1.23E-06 5.91E-10 4.79E-02 
CH12 2.36E-05 1.17E-13 4.96E-07 2.12E-06 1.00E-09 4.74E-02 
CH13 2.09E-05 1.42E-13 6.78E-07 1.58E-06 1.02E-09 6.43E-02 
CH14 1.98E-05 8.59E-14 4.33E-07 1.51E-06 6.26E-10 4.13E-02 
CH15 2.71E-05 1.66E-11 6.13E-05 1.11E-06 6.09E-08 5.22E+00 
CH16 1.14E-05 3.76E-13 3.30E-06 2.03E-06 6.60E-09 3.24E-01 
CH17 3.06E-06 2.37E-13 7.73E-06 6.94E-06 5.38E-08 7.68E-01 
CH-TRIB1 1.74E-08 7.78E-10 4.27E+00 3.48E-12 1.06E-09 9.97E+01 
CH-TRIB2 1.74E-08 8.34E-10 4.58E+00 1.84E-12 4.81E-10 9.96E+01 
CH-TRIB3 1.78E-08 4.35E-10 2.39E+00 1.53E-12 4.81E-10 9.97E+01 
CH-TRIB4 3.06E-05 3.18E-12 1.04E-05 2.24E-09 2.10E-11 9.27E-01 
CH-TRIB5 2.27E-05 3.40E-14 1.50E-07 9.44E-08 1.31E-11 1.38E-02 
CH-TRIB6 2.48E-05 1.59E-13 6.42E-07 6.50E-07 3.90E-10 6.00E-02 
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Metal Adsorption Model Results--Continued 
Sample No. Tl+1 Tl+1 Tl+1 Zn+2 Zn+2 Zn+2 
  Total dissolved Total sorbed % Sorbed Total dissolved Total sorbed % Sorbed 
CH1 4.89E-10 6.80E-15 1.39E-03 3.53E-08 3.14E-08 4.71E+01 
CH2 1.51E-09 2.04E-14 1.35E-03 7.62E-08 1.05E-07 5.78E+01 
CH3 3.78E-09 2.63E-14 6.97E-04 6.07E-07 2.41E-07 2.84E+01 
CH4 6.82E-09 1.88E-14 2.76E-04 2.34E-06 6.50E-08 2.70E+00 
CH5 9.61E-09 1.41E-15 1.47E-05 3.35E-06 2.26E-09 6.74E-02 
CH6 1.16E-08 7.12E-16 6.17E-06 3.85E-06 3.69E-10 9.57E-03 
CH7 1.54E-08 1.03E-17 6.68E-08 4.83E-06 3.70E-12 7.65E-05 
CH8 1.48E-08 7.15E-18 4.83E-08 4.56E-06 2.54E-12 5.56E-05 
CH9 1.50E-08 6.87E-18 4.60E-08 4.68E-06 2.48E-12 5.31E-05 
CH10 1.53E-08 3.61E-18 2.36E-08 4.87E-06 1.36E-12 2.79E-05 
CH11 1.53E-08 1.67E-18 1.09E-08 4.96E-06 6.13E-13 1.24E-05 
CH12 1.22E-08 1.38E-18 1.12E-08 4.84E-06 5.84E-13 1.21E-05 
CH13 1.05E-08 1.56E-18 1.49E-08 4.99E-06 8.22E-13 1.65E-05 
CH14 1.21E-08 1.18E-18 9.76E-09 5.56E-06 5.86E-13 1.05E-05 
CH15 2.04E-08 2.34E-16 1.15E-06 9.61E-06 1.43E-10 1.49E-03 
CH16 4.45E-09 3.72E-18 8.36E-08 2.12E-06 1.71E-12 8.08E-05 
CH17 6.94E-09 1.61E-17 2.32E-07 2.07E-06 3.94E-12 1.91E-04 
CH-TRIB1 4.89E-10 1.08E-14 2.20E-03 3.43E-09 4.22E-09 5.52E+01 
CH-TRIB2 4.89E-10 9.87E-15 2.02E-03 6.82E-09 8.99E-09 5.69E+01 
CH-TRIB3 4.89E-10 8.67E-15 1.77E-03 4.64E-09 3.01E-09 3.93E+01 
CH-TRIB4 1.53E-08 2.99E-17 1.95E-07 5.58E-06 1.40E-11 2.50E-04 
CH-TRIB5 2.31E-08 6.96E-19 3.02E-09 5.28E-06 1.91E-13 3.62E-06 
CH-TRIB6 1.76E-08 2.37E-18 1.35E-08 7.68E-06 1.19E-12 1.56E-05 
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Metal Adsorption Model Results--Continued 
Sample No. F-1 F-1 F-1 SO4-2 SO4-2 SO4-2 
  Total dissolved Total sorbed % Sorbed Total dissolved Total sorbed % Sorbed 
CH1 4.17E-05 0.00E+00 0.00E+00 5.80E-04 1.28E-09 2.20E-04 
CH2 5.31E-05 0.00E+00 0.00E+00 6.99E-04 5.81E-10 8.31E-05 
CH3 6.52E-05 0.00E+00 0.00E+00 6.97E-04 2.13E-09 3.06E-04 
CH4 8.33E-05 0.00E+00 0.00E+00 7.86E-04 4.36E-08 5.54E-03 
CH5 9.93E-05 0.00E+00 0.00E+00 8.26E-04 4.90E-07 5.93E-02 
CH6 1.16E-04 0.00E+00 0.00E+00 8.54E-04 1.59E-06 1.86E-01 
CH7 1.40E-04 0.00E+00 0.00E+00 8.98E-04 3.25E-06 3.60E-01 
CH8 1.41E-04 0.00E+00 0.00E+00 9.13E-04 3.26E-06 3.56E-01 
CH9 1.41E-04 0.00E+00 0.00E+00 9.22E-04 3.26E-06 3.53E-01 
CH10 1.47E-04 0.00E+00 0.00E+00 9.82E-04 3.28E-06 3.33E-01 
CH11 1.47E-04 0.00E+00 0.00E+00 9.09E-04 3.29E-06 3.60E-01 
CH12 1.67E-04 0.00E+00 0.00E+00 7.52E-04 3.29E-06 4.36E-01 
CH13 1.80E-04 0.00E+00 0.00E+00 8.14E-04 3.29E-06 4.02E-01 
CH14 1.82E-04 0.00E+00 0.00E+00 7.62E-04 3.29E-06 4.31E-01 
CH15 2.81E-04 0.00E+00 0.00E+00 1.03E-03 2.96E-06 2.86E-01 
CH16 1.08E-04 0.00E+00 0.00E+00 5.10E-04 3.25E-06 6.33E-01 
CH17 4.78E-05 0.00E+00 0.00E+00 3.20E-04 3.16E-06 9.79E-01 
CH-TRIB1 5.62E-06 0.00E+00 0.00E+00 1.05E-04 3.73E-10 3.55E-04 
CH-TRIB2 1.38E-05 0.00E+00 0.00E+00 1.81E-04 4.38E-10 2.42E-04 
CH-TRIB3 1.27E-05 0.00E+00 0.00E+00 7.15E-04 3.69E-09 5.16E-04 
CH-TRIB4 1.63E-04 0.00E+00 0.00E+00 1.34E-03 3.18E-06 2.38E-01 
CH-TRIB5 1.17E-04 0.00E+00 0.00E+00 1.17E-03 3.30E-06 2.80E-01 
CH-TRIB6 2.27E-04 0.00E+00 0.00E+00 9.10E-04 3.29E-06 3.60E-01 
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8. Appendix B: Ferricrete Maps, Chicago, Armells and Collar Gulches 
Although Chicago, Collar, and Armells Creeks all share similar geochemical trends, the 
results from field mapping of ferricrete distribution show variations between the three drainages 
(Figure 25). Collar Creek is narrow, constricted by steep walls of bedrock in most areas. As a 
result, the distribution of ferricretes is much smaller laterally than the other two drainages. The 
deposits in Collar Gulch disappear just above the hiking trail. Armells Creek has thick deposits 
of alluvium from Red Mountain, and the creek bed is the steepest out of all the drainages. It is 
difficult to tell the extent of the lateral distribution of ferricretes in Armells due to the amount of 
alluvium overlying the ferricretes. The downstream distribution of ferricretes is the most 
extensive in Armells continuing several hundred feet below the confluence between the East and 
West Fork, and starts to mix with Mn-oxide deposits before disappearing altogether. Chicago 
Gulch has a laterally extensive spread of ferricretes in the boggy headwaters, which narrows 
downstream as the stream valley thins. The ferricretes disappear abruptly in Chicago, just 
downstream of the pH-neutral NE Tributary that increases the pH of Chicago from ~3.5 to >5.5.  
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Figure 25: Distribution of ferricretes in Chicago, Collar and Armells Gulches, September 2015 
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9. Appendix C: Additional Data, Armells Gulch 
As part of the current investigation, a set of synoptic water samples was collected from 
the East Fork of Armell’s Creek. Although Montana Tech had previously performed a detailed 
synoptic sampling of the West Fork of Armell’s Creek and the first 2 km of Armell’s Creek 
below the confluence of the East and West Forks, no previous detailed sampling was done on the 
upper East Fork. Like all of the streams draining Red Mountain, the East Fork of Armell’s is 
acidic (pH < 5) in its headwaters, with abundant ferricretes and red, in-stream precipitates.   
Paired filtered (F) and non-filtered (raw, or R) samples were collected for ICP-MS and IC 
analysis, and streamflow was measured using the salt tracer method. The figure below shows the 
locations for the samples.  One of the samples, labeled “DH”, is a small spring that emerges at a 
ferricrete outcrop from a 1-inch diameter core hole that was drilled by Montana Tech in August 
of 2014.  The location of the hole is at the road crossing, just above the elevation of the creek.  
The spring flows continuously at a slow but steady rate that was not quantified.   
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Figure C-1: Map of sample locations on the East Fork of Armell's Creek 
 
Tables C1 to C3 summarize field data, ICP-MS trace metal data, and IC data, 
respectively.  Figures C2 and C3 summarize synoptic trends in metal concentrations and metal 
loads, respectively.    In general, metal concentrations are highest at EFA-6, the furthest 
upstream sampling point on the East Fork of Armell’s (Figure C-2), or in the shallow 
groundwater that is spilling out of the abandoned drill hole close to EFA-6 (Table C-2).  
However, the maximum load for each metal tends to be further downstream, e.g., near EFA-3 
(Figure C-3).  This means that there is a combination of fresh and metal-contaminated 
groundwater entering the stream between EFA-6 and EFA-3.  Below EFA-3, the loads of all 
metals decrease to the mouth of the East Fork.  
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Different metals show different synoptic trends, and for the most part they are similar to 
the trends discussed in this thesis for Chicago Gulch.  Aluminum and iron precipitate out as 
hydrous oxides in the upper reaches of the stream.  This is shown by the separation between 
dissolved and total concentrations (Figure C-2).  In contrast, manganese stays predominantly in 
dissolved form throughout.  Copper and zinc follow the iron trend closely, whereas thallium is 
similar to manganese.  The tendency of Tl and Mn to remain dissolved all the way to the mouth 
of the creek is similar to what was seen in Chicago Gulch.  
Although the streamflows were similar on May 30, 2016, the concentrations and loads of 
all metals were lower at the mouth of the East Fork of Armell’s as opposed to the mouth of the 
West Fork.   The East Fork has a less steep gradient than the West Fork, and for this reason there 
is more settling of suspended particles in the East Fork, especially below EFA-3.  The synoptic 
sampling of May, 2016 was done in good weather at relatively low streamflow conditions.  In 
another year with high flows, it is likely that any fine sediment in the East Fork that had not been 
consolidated into ferricrete would be swept downstream into the lower reaches of Armell’s 
Creek.  
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9.1. Table C-1: Field and analytical data collected in the East Fork of Armell’s Creek 
All data was collected on May 30, 2015 
 
Sample location notes:  
EFA0 Below confluence of East and West Forks. Sketchy slug test. Rained hard right before test. 
EFA1 East Fork of the East Fork of Armells, mile 0.0 
WFA1 West Fork of the East Fork of Armells, mile 0.0 
EFA2 0.4 miles upstream of EFA1/WFA1. Limestone placed in stream. 
EFA3 0.6 miles upstream of EFA1/WFA1 
EFA4 0.8 miles upstream of EFA1/WFA1 
EFA5 Below confluence of EFA6 and EFA6-TRIBs. Flow estimated from sum of tribs and EFA6 
EFA6 Main tributary; furthest to the right when looking upstream. Has EFA6-DH. 
EFA6-TRIB1 Highest pH trib; furthest to the left when looking upstream 
EFA6-TRIB2 Middle trib, between EFA6 and EFA6-TRIB1 
EFA6-DH Drill hole near EFA6 from August 2014 
Sample No. Time pH DO (%) 
Temp 
(˚C) SC (μS/cm) 
Eh (mV, 
SHE) 
Alkalinity (mg/L 
CaCO3) 
Flow 
(L/s) 
EFA0   7.33 115.6 22.15* 208.4* 454* 51 114 
EFA1 9:52 7.81 103.5 7.61 245.1 430 45 31.8 
WFA1 9:56 6.35 103.2 7.11 163.4 422 13 36.5 
EFA2 10:36 7.23 102.7 8.2 232.4 414 41 28.3 
EFA3 11:27 7.12 102.4 8.21 224.7 426 37 25.4 
EFA4 11:41 6.5 101.3 8.62 207.4 442 36 17.6 
EFA5   6.55 100.8 9.24 209 452 35 10.3 
EFA6   4.17 101.9 10.67 359.6 472 NM 6.0 
EFA6-TRIB1   8.25 102.8 8.64 302.5 455 151 0.13 
EFA6-TRIB2   6.93 99.5 7.71 113.3 458 26 4.2 
EFA6-DH   4.69 46.4 9.98 373.3 455 NM N/A 
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9.2. Table C-2: ICP-MS data for samples collected on the East Fork of Armell’s Creek 
Sample No. 
7Li 9Be 11B 27Al 31P 39K 43Ca 49Ti 51V 52Cr 55Mn 56Fe 59Co 60Ni 
μg/L μg/L μg/L μg/L μg/L μg/L mg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
EFA0 (F) 6.4 < 0.2 3.8 63 < 5 225 14.0 22.4 < 0.5 < 0.2 233 34 1.4 0.8 
EFA0 (R) 5.9 < 0.2 3.8 735 < 5 213 14.2 21.7 < 0.5 < 0.2 229 1270 1.5 1.0 
EFA1 (F) 2.1 < 0.2 4.8 26 < 5 186 19.2 29.0 < 0.5 < 0.2 303 39 1.6 0.8 
EFA1 (R) 2.3 < 0.2 4.2 475 < 5 197 20.8 30.3 < 0.5 < 0.2 334 1210 1.8 0.9 
EFA2 (F) 2.3 < 0.2 4.6 52 < 5 204 17.0 25.2 < 0.5 < 0.2 483 732 2.6 1.3 
EFA2 (R) 2.3 < 0.2 3.8 715 < 5 201 17.4 26.8 < 0.5 < 0.2 491 2000 2.7 1.4 
EFA3 (F) 2.7 < 0.2 4.6 56 < 5 217 17.0 23.2 < 0.5 < 0.2 616 1354 3.3 1.7 
EFA3 (R) 2.5 < 0.2 3.8 837 < 5 202 16.0 24.0 < 0.5 < 0.2 581 2530 3.2 1.6 
EFA4 (F) 2.5 < 0.2 3.8 111 < 5 197 14.1 19.8 < 0.5 < 0.2 674 1454 3.8 1.7 
EFA4 (R) 2.8 0.2 3.8 1178 < 5 211 15.7 24.1 < 0.5 < 0.2 762 3060 4.1 1.9 
EFA5 (R) 2.5 < 0.2 3.4 1058 < 5 194 14.3 21.5 < 0.5 < 0.2 671 2710 3.8 1.7 
EFA5* (F) 2.5 < 0.2 3.9 237 < 5 197 14.3 21.7 < 0.5 < 0.2 672 1487 3.7 1.7 
EFA6 (F) 2.4 0.3 2.7 2533 < 5 335 5.70 10.8 0.9 < 0.2 1530 5745 8.4 3.7 
EFA6 (R) 2.3 0.3 2.5 2494 < 5 323 5.52 11.0 1.0 < 0.2 1500 5750 8.3 3.8 
DRILL HOLE (F) 4.2 0.7 2.9 2486 < 5 469 11.8 20.8 < 0.5 < 0.2 2640 26700 16.3 7.7 
EFA6-TRIB2 (F) < 0.5 < 0.2 3.3 73 < 5 114 7.25 11.2 < 0.5 < 0.2 125 < 5 < 0.5 < 0.5 
WFA (F) 11.4 < 0.2 4.8 419 < 5 269 10.0 16.3 < 0.5 < 0.2 334 1220 2.6 1.8 
WFA (R) 9.9 < 0.2 4.2 1116 < 5 248 9.73 15.5 0.6 < 0.2 314 1490 2.6 1.7 
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Table C-2, Continued 
Sample No. 
63Cu 66Zn 71Ga 75As 82Se 85Rb 88Sr 98Mo 111Cd 133Cs 137Ba 139La 140Ce 141Pr 
μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L μg/L 
EFA0 (F) 1.1 32.0 1.8 0.3 < 0.2 14.5 295 0.6 < 0.2 1.0 47.1 < 0.2 < 0.2 < 0.2 
EFA0 (R) 6.1 60.0 1.9 0.9 0.5 14.8 306 0.6 < 0.2 1.0 51.1 0.3 0.5 < 0.2 
EFA1 (F) < 1 17.9 1.2 < 0.2 0.7 11.5 300 1.0 < 0.2 1.3 31.1 < 0.2 < 0.2 < 0.2 
EFA1 (R) 2.6 42.6 1.3 0.2 0.7 12.4 337 0.7 < 0.2 1.4 36.0 0.3 0.5 < 0.2 
EFA2 (F) < 1 43.7 1.2 < 0.2 0.6 12.9 325 0.9 < 0.2 1.4 32.3 < 0.2 < 0.2 < 0.2 
EFA2 (R) 3.6 63.6 1.2 0.3 0.6 13.2 335 0.8 < 0.2 1.4 33.3 0.4 0.7 < 0.2 
EFA3 (F) 1.2 58.4 1.4 < 0.2 0.4 13.7 360 1.1 0.2 1.5 36.8 < 0.2 < 0.2 < 0.2 
EFA3 (R) 4.2 73.4 1.4 0.3 0.5 13.9 355 1.0 < 0.2 1.5 36.8 0.4 0.8 < 0.2 
EFA4 (F) 1.8 73.2 1.5 < 0.2 < 0.2 13.6 346 1.5 < 0.2 1.5 38.7 < 0.2 < 0.2 < 0.2 
EFA4 (R) 6.7 88.3 1.6 0.4 < 0.2 14.8 385 1.8 < 0.2 1.7 45.0 0.6 1.2 < 0.2 
EFA5 (R) 6.5 81.1 1.5 0.4 < 0.2 13.8 357 1.6 < 0.2 1.5 40.7 0.5 1.1 < 0.2 
EFA5* (F) 2.4 75.9 1.5 < 0.2 < 0.2 13.4 345 1.5 < 0.2 1.5 39.7 < 0.2 < 0.2 < 0.2 
EFA6 (F) 16.6 182 1.7 0.6 < 0.2 25.2 134 < 0.5 0.4 2.1 45.1 1.3 2.8 0.4 
EFA6 (R) 16.8 176 1.7 0.9 < 0.2 26.1 137 < 0.5 0.4 2.2 46.5 1.4 2.9 0.4 
DRILL HOLE (F) 3.6 367 < 0.5 < 0.2 < 0.2 41.4 321 < 0.5 0.9 4.4 11.6 0.7 1.6 0.3 
EFA6-TRIB2 (F) 2.5 10.6 1.0 < 0.2 0.4 8.9 156 < 0.5 < 0.2 1.9 26.9 < 0.2 < 0.2 < 0.2 
WFA (F) 5.1 113 3.0 0.4 < 0.2 16.6 318 1.3 < 0.2 < 0.5 80.3 < 0.2 < 0.2 < 0.2 
WFA (R) 10.5 109 2.9 1.8 0.4 16.8 315 1.1 0.2 0.8 78.7 0.3 0.6 < 0.2 
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Table C-2, Continued 
Sample No. 
146Nd 182W 205Tl 206Pb 238U 
μg/L μg/L μg/L μg/L μg/L 
EFA0 (F) < 0.2 < 0.2 < 0.2 < 0.2 0.6 
EFA0 (R) 0.4 < 0.2 0.7 0.4 0.7 
EFA1 (F) < 0.2 0.2 0.4 < 0.2 0.9 
EFA1 (R) 0.4 < 0.2 0.4 0.5 1.1 
EFA2 (F) < 0.2 < 0.2 0.6 < 0.2 0.8 
EFA2 (R) 0.6 < 0.2 0.6 0.2 1.0 
EFA3 (F) < 0.2 < 0.2 0.7 < 0.2 0.9 
EFA3 (R) 0.7 < 0.2 0.7 0.3 1.1 
EFA4 (F) < 0.2 < 0.2 0.7 < 0.2 1.1 
EFA4 (R) 0.9 < 0.2 0.8 0.4 1.8 
EFA5 (R) 0.8 < 0.2 0.7 0.4 1.6 
EFA5* (F) < 0.2 < 0.2 0.7 < 0.2 1.1 
EFA6 (F) 2.0 < 0.2 1.6 0.6 0.9 
EFA6 (R) 2.0 < 0.2 1.7 0.8 1.0 
DRILL HOLE (F) 1.5 < 0.2 2.4 < 0.2 0.8 
EFA6-TRIB2 (F) < 0.2 < 0.2 < 0.2 < 0.2 0.0 
WFA (F) < 0.2 < 0.2 < 0.2 < 0.2 < 0.2 
WFA (R) 0.4 < 0.2 1.2 0.4 0.5 
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9.3. Table C-3: IC analyses for samples collected on the East Fork of 
Armell’s Creek 
Sample No. 
F Cl NO2-N SO4 NO3-N PO4-P 
mg/L mg/L mg/L mg/L mg/L mg/L 
EFA0 1.9 <0.5 n.d. 57.4 <0.5 n.d. 
EFA1 1.6 <0.5 n.d. 59.0 <0.1 n.d. 
EFA2 1.7 <0.5 n.d. 66.0 <0.1 n.d. 
EFA3 1.7 <0.5 n.d. 66.2 <0.1 n.d. 
EFA4 1.4 <0.5 n.d. 57.8 <0.1 n.d. 
EFA5 1.4 <0.5 n.d. 56.8 <0.1 n.d. 
EFA6 2.6 <0.5 n.d. 100.3 <0.5 n.d. 
EFA6-DRILL HOLE 4.5 <0.5 n.d. 177.9 <0.5 n.d. 
EFA6-TRIB1 0.4 <0.5 n.d. 14.8 <0.1 n.d. 
EFA6-TRIB2 0.9 <0.5 n.d. 32.7 <0.1 n.d. 
WFA1 2.1 <0.5 n.d. 59.7 <0.5 n.d. 
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9.4. Figure C-2: Synoptic changes in metal concentration in the East 
Fork of Armell’s Creek 
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9.5. Figure C-3: Synoptic changes in metal loads in the East Fork of 
Armell’s Creek 
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